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Abstract

Cell migration is an essential process that is involved in cancer metastasis, embryonic
development, wound healing and regeneration. Rho GTPases are central regulators of
the actin cytoskeleton. They play an important role for the reorganization of cytoskeletal
dynamics and cell migration. Most studies to date were focused on a single Rho GTPase-
effector/GEF/GAP signaling. The Rho GTPases signaling networks and effectors are
largely unexplored. How GEFs and GAPs achieve specific engagement of Rho-effector
signaling remains to be elucidated. Using BiolD-proteomics as a powerful approach, we
globally explored the Rho GTPase signaling networks. We identified well-known Rho
GTPase effector complexes, but also many new interactions. In addition, we mapped
Rho-GEF/GAP interactions providing new insights into GEF/GAP specificity for Rho
GTPases. We characterized the SLK serine/threonine kinase a novel RhoA effector that
is required for RhoA-mediated ERM proteins phosphorylation. Also, we uncovered
KIAA0355 as a potential Racl effector that is involved in membrane ruffing and migration.
Furthermore, we conducted a functional siRNA screen for RhoG and identified potential
RhoG effectors that are essential for membrane ruffing. Our work provides an

unprecedented resource for Rho GTPase signaling networks and dynamics, paving the

way for understanding of biological functions of these proteins.



Résumeé

La migration cellulaire est un processus essentiel qui est impliquée dans la formation de
métastases durant la progression du cancer, le développement embryonnaire, la
cicatrisation des plaies and la régénération. Les Rho GTPases sont des régulateurs
centraux du cytosquelette d’actine. Elles jouent un réle important dans la dynamique du
cytosquelette et la migration cellulaire. La plupart des études jusqu’'a présent se sont
concentrées sur une seule signalisation Rho GTPase-effecteur/GEF/GAP. Les réseaux
de signalisation et les effecteurs des Rho GTPases sont largement inexplorés. De plus,
comment les GEF et les GAP médient le recrutement spécifique de la signalisation Rho-
effecteur reste a élucider. En utilisant la protéomique BiolD comme approche puissante,
nous avons globalement exploré les réseaux de signalisation des Rho GTPases. Nous
avons identifié des complexes d’effecteurs de Rho GTPases bien connus, mais aussi de
nombreuses interactions inconnues. De plus, nous avons cartographié les interactions
Rho-GEF/GAP, fournissant de nouveaux apercus sur la spécificité des GEF/GAP pour
les Rho GTPases. Nous avons caractérisé la kinase sérine/thréonine SLK comme un
nouvel effecteur de RhoA qui est requis pour la phosphorylation des protéines ERM
médiée par RhoA. Aussi, nous avons découvert KIAA0O355 comme un effecteur potentiel
de Racl qui est impliqué dans la protubérance membranaire et la migration. De plus,
nous avons conduit un criblage fonctionnel par ARNi et nous avons identifié des
effecteurs de RhoG qui sont essentiels pour la protubérance membranaire. Notre étude
fournit une ressource sans précédent pour les réseaux et la dynamique de la signalisation
des Rho GTPases, ouvrant la voie a la compréhension des fonctions biologiques de ces

protéines.
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and HeLa cells. We also provided identification and functional characterization of different

Rho GTPase interacting-proteins or effectors such as SLK, KIAA0355 and potential RhoG
interactors.

Moreover, our work provides a global protein interactome for Rho GTPase-
GEF/GAP interactions and specificity. These findings can be further used to decipher the
molecular mechanisms of Rho GTPase networks and will contribute to the advancement
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CHAPTER1: INTRODUCTIONAND LITERATURE REVIEW



1.0. General Introduction

Spatiotemporal organization of a cell is essential for interacting with other cells and
the microenvironment. A migration of a cell involves morphological changes that requires
the remodeling of various internal constituents. Cytoskeleton, which gives the body
support to a cell, is one of the major components of eukaryotic or prokaryotic cells. It is
composed of internal constituents such as microtubules, actin filaments and intermediate
filamentsl. Each of these cytoskeletal protein filaments controls different cellular
processes that allow cells to change their shape, regulate their mechanical strength and
migrate. Proper functioning of these cytoskeletal filaments is essential for cellular polarity,
motility and adhesion.

Over the last decades, studies on cell migration paved the way for the better
understanding of how different cytoskeleton components mediate tissue formation and
vascularization during embryogenesis?, wound healing?, leukocyte invasion of tissues in
the immune response?, tumor formation and metastasis®. Of those, actin filaments are
long helical filaments composed of actin proteins!. In vertebrates, there are six actin
isoforms and they display a similar identity in their amino acid sequences®. Each of the
actin genes has been shown to play different biological functions”: 8. Reorganization of
actin filaments after polymerization can lead to morphological changes that result in the
formation of lamellipodia, filopodia or stress fibers®. Small Rho GTPases are viewed as

central regulators of these cellular morphological changes.



1.1. Overviewofthe Rho GTPases

Rho GTPases are master regulators of the actin cytoskeleton. They are part of the
Ras superfamily of proteins, which also contains the Arf, Rab, Ran and Ras families°.
They are found in all eukaryotic cells'l. Rho GTPases cycle between the GDP-bound
inactive and the GTP-bound active states. Their activation is tightly controlled by three
major regulatory proteins: Guanine nucleotide exchange factors (GEFs), GTPase
activating proteins (GAPs) and guanine nucleotide dissociation inhibitors (GDIs). In
mammals, the Rho GTPase family of proteins include 20 members based on the
alignment of their amino acid sequences (Fig. 1). They are divided into 8 subfamilies;
Rac subfamily (Racl, Rac2, Rac3 and RhoG), Cdc42 subfamily (Cdc42, RhoQ/TC10 and
RhoJ/TCL), RhoA subfamily (RhoA, RhoB and RhoC), a subfamily that includes
RhoV/CHP and RhoU/WRCH1, RhoBTB subfamily (RhoBTB1 and RhoBTB2), RND
subfamily (RND1, RND2 and RND3/RhoE), another subfamily that comprises RhoD and

RhoF/RIF and finally, RhoH which is considered a subfamily on its own'2.
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Fig. 1| Rho GTPases. The Rho GTPase family of proteins comprise 8 subfamilies based
on the alignment of their amino acid sequences. Rac, Cdc42, RhoA and RhoF and RhoD
subfamilies are considered as classical Rho GTPases since they can cycle between the
GDP-bound inactive and the GTP-bound active states. Other Rho GTPases, such as
RND, RhoBTB, RhoH and RhoU and RhoV are considered as atypical Rho GTPases
since they are always GTP-bound and their regulation can be dependent on other
mechanisms such as protein levels and phosphorylation.

Reprinted by permission from [Springer]: [Nature]: [Nature Reviews Molecular Cell
Biology]: [Mammalian Rho GTPases: new insights into their functions from invivo studies,
Sarah J. Heasman, Anne J. Ridley]: [Springer Nature: All rights reserved]: (2008)

Once GTP-loaded and activated, Rho GTPases can recruit a plethora of effector
proteins that are involved in various biological processes such as cell division, adhesion,

migration, vesicular transport, membrane trafficking, microtubule dynamics, neuronal

development, regulation of gene expressioni?,



1.1.1. Rho GTPase structure

Since the structural determination of HRas by X-ray crystallography3 14,
understanding of the GDP-bound and GTP-bound forms of small GTPases enabled the
characterization of Switch | and Il regions and revealed that the on and off states of Switch
regions upon nucleotide binding result in conformational changes?!®. Like other small
GTPases which belong to the Ras superfamily, members of the Rho family are small
monomeric proteins with molecular weight of ~21 kDa, except RhoBTB1 and RhoBTB2
with ~70 or ~80 kDa. A typical Rho GTPase structure includes the conserved G domain
with Switch | and Il regions, an insert region and a hypervariable motif that is located at

the C-terminus?® (Fig. 2).

. ARRGKKSCIOINE
1 3 =
(P-loop) G4 G5
. 4 . Y ;
(CCET X QT ( -
—— )
Insert Hypervariable

Fig. 2 | A typical Rho GTPase domain structure. It includes the conserved G domain, an
insert motif and a hypervariable motif at the C-terminus.

Adapted by permission from [Springer]: [Nature]: [Nature Reviews Molecular Cell
Biology]: [Regulating RhoGTPases and their regulators, Richard G. Hodge, Anne J.
Ridley]: [Springer Nature: All rights reserved]: (2016)



The highly conserved G domain includes the conserved sequence motifs G1-G5.
The G1 motif, also known as the P-loop (phosphate-binding loop), coordinates the binding
of the B-phosphate of the guanine nucleotide and the Mg?* ion which isindispensable for
nucleotide binding®. The G2 and G3 domains, that comprise the Switch | and Switch II
regions, mediate GDP and GTP binding, which in turn regulates conformational
changes!®. The G4 and G5 domains mediate the binding of guanine basel. The insert
motif, which is found between the G4 and G5 domains, is responsible for GEF binding as
well as binding and activation of some effectors such as Rock, IQGAP and mDIA, It has
been shown that the insert region of Rho GTPases contains additional ~10-15 amino
acids compared to that of the Ras family of GTPases, forming a pair of a helices!®> 17, It
is therefore possible that the presence of these additional amino acids in the insert motif
may confer Rho GTPases an ability to interact with GEFs or recruit effectors that are
specific to the Rho family. The C-terminus includes the hypervariable region which serves
as protein binding site and partially determines specific interaction with effectors or
regulatory proteins. It also contains the CAAX motif (in red) which coordinates post-
translational lipid modifications that are required for membrane targeting®. In addition,
some Rho GTPases include a polybasic region (in orange) in the C-terminus which
precedes the CAAX motif, mostly composed of Lys and Arg residues, creating a positively

charged interface for membrane binding?8.
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Fig. 3 | Structural organization of the Rho GTPases. Rac, Ccd42, Rho and RhoF
subfamilies have similar domain architecture.

Reprinted by permission from: [FEBS PRESS]: [FEBS Letters]: [Rho GTPases in cancer
cell biology, Francisco M. Vega, Anne J. Ridley]: [John Wiley and Sons: All rights
reserved]: (2008)

Rac, Cdc42, Rho and RhoF subfamilies share a high similary in terms of domain
architecture (Fig. 3). The Rnd subfamily and RhoH lack GTPase activity due to amino
acid modifications in the GTP/GDP binding regionC. Unlike other Rho GTPases, RhoU
and RhoV are featured by the presence of a N-terminal Proline-rich region'®. The RhoBTB

subfamily is distinguished by the presence of a BTB domain and a nuclear localization

signal (NLS) at the C-terminus?°,

1.1.2. Rho GTPase regulation

Rho GTPases are tightly regulated by GEFs, GAPs and GDIs, but also at

transcription level or by post-translational modifications (PTMs) (Fig. 4). There are so
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many GEFs and GAPs and this can be explained by the fact that some GEFs and GAPs
display tissue-specific expression and functions. In addition, GEFs and GAPs can exhibit

compartment-specific activity due to their localization.
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Fig. 4 | Rho GTPase regulation by GEFs, GAPs, GDIs or at transcriptional level or by
PTMs.

Reprinted by permission from [Springer]: [Nature]: [Nature Reviews Molecular Cell
Biology]: [Regulating RhoGTPases and their regulators, Richard G. Hodge, Anne J.
Ridley]: [Springer Nature: All rights reserved]: (2016)



1.1.2.1. Rho Guanine Nucleotide Exchange Factors (RhoGEFs)

GEFs induce the release of bound GDP, which, in turn, results in a formation of a
nucleotide-free GTPase-GEF complex. Because the GTP concentration in the cell is
higher than that of GDP, the nucleotide-free GTPase will be reloaded with GTP to undergo

a conformational change that leads to Rho GTPase activation6 19,

So far, more than 80 different RhoGEFs have been revealed!® 20 2!, GEFs are
known to bind to both Switch regions of Rho GTPases. There are two families of GEFs,
based on sequence similiarity: Diffuse B-cell ymphoma (Dbl) and Dedicator of cytokinesis
(Dock). There are approximately 70 human Dbl GEFs (Fig. 5). They contain a ~200
amino-acid catalytic Dbl Homology (DH) domain, which is often flanked by an adjacent,
regulatory ~100 amino-acid Pleckstrin Homology (PH) domainlé: 18. 22, 23 \Whijle the DH
domain is known to stimulate guanine nucleotide exchange, different roles have been
shown for the PH domain, such as phospholipid binding, which promotes membrane
targeting of the GEF in the proximity of a membrane-bound Rho GTPase??. The DH and
PH domains are also known to promote the formation of the nucleotide-free/GEF complex

and further nucleotide binding?4.
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Fig. 5| Dbl family of RhoGEFs. The protein domain organization for each Dbl GEF are
shown. Numbers in braces next to each Dbl GEF designates the reported Rho GTPase

specificity.

Reprinted by permission from [Springer]: [Nature]: [Oncogene]: [Rho guanine nucleotide
exchange factors: regulators of Rho GTPase activity in development and disease, D R

Cook, K L Rossman, C J Der]: [Springer Nature: All rights reserved]: (2013)

There are 11 human Dock GEFs (Fig. 6). Unlike Dbl GEFs, they are characterized
by the absence of a DH domain and the presence of two evolutionarily conserved

domains: a ~200 amino-acid Dock homology region-1 (DHR-1), which regulates
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phospholipid binding and membrane localization and ~450 amino-acid catalytic Dock
homology region-2 (DHR-2), which is responsible for the GEF activity?® 2527, Dock GEFs
are classified into four subgroups, based on domain architecture and sequence similarity.
The Dock-A subgroup includes Dockl (also known as Dock180), Dock2, Dock5. The
Dock-B subgroup contains Dock3 and Dock4. Dock-A and Dock-B subgroups includes
an N-terminal SH3 domain that mediates the interaction with EImo (Engulfment and
Motility) scaffold proteins and a C-terminal proline rich motif (PxxP) which binds to SH3-
domain containing adaptors, such as Crk?% 27, The Dock-C subgroup comprises Dock6,
Dock7 and Dock8. The Dock-D subgroup contains Dock9, Dock10 and Dock11, which
are defined by the presence of an N-terminal PH domain that is involved in

phosphoinositide binding for membrane targeting?®: 2.

Dock1, Dock2, Dock5

Dock-A ([|SH3] ] — | Prich )

Dock3, Dock4

Dock-8 ([JSH3]] I [ Porich )
Dock6, Dock7, Dock8
oot ([N IBRZ)
Dock9, Dock10, Dock11
oookd ([TF] oz

Fig. 6 | Dock family of RhoGEFs. Dock GEFs are classified into four different subgroups:
Dock-A, Dock-B, Dock-C and Dock-D.

Reprinted by permission from [Elsevier]: [Progress in Retinal and Eye Research]: [Dock
GEFs and their therapeutic potential: Neuroprotection and axon regeneration, Kazuhiko
Namekata, Atsuko Kimura, Kazuto Kawamura, Chikako Harada, Takayuki Haradal]:
[Elsevier: All rights reserved]: (2014)
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Dock-A and Dock-B subgroups exhibit GEF activity for Rac, Dock-D for Cdc42, while
the Dock-C subgroup of RhoGEFs are thought to activate both Racl and Cdc42, but this
is still controversial?. The molecular basis of how Dock GEFs are activated through their
catalytic DHR2 domain and recognize specific Rho GTPases have been revealed by X-
ray crystallography studies. Barford and colleagues revealed the crystal structure of the
Dock9PHR2-Cdc42 complex, showing that a nucleotide sensor in the DHR2 domain is
involved in the release of GDP and then the discharge of GTP-bound Cdc4228. In addition,
they compared the crystal structure of Dock2PHR in complex with Racl to the Dock9PHR2-
Cdc42 complex and uncovered multiple structural differences that allow selectivity
towards Racl and Cdc422?°. They identified two important sites that confer GTPase
specificity: Residues 56 and 27. Rac-specific Dock GEFs prefer Trp at residue 56, but it
can also accommodate Phe. By replacing Trp for Phe at residue 56, they showed that
Rac1W56F can also be activated by Dock9PHR? in addition to Dock2PHR2, Moreover, an Ala
or Lys at the residue 27 of Switch | allows conformational differences to determine Dock
specificity between Racl and Cdc422,

Still, GEF-Rho GTPase interactions have not been mapped in detail. Furthermore,

how each GEFs engage specific Rho GTPase-effector couples has not been elucidated.
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1.1.2.2. Rho GTPase Activating Proteins (RhoGAPS)

RhoGAPs are negative regulators of Rho GTPases. They include a~170 amino acid
RhoGAP domain, which allows RhoGAPs to bind GTP-loaded Rho proteins and stimulate
the slow intrinsic GTP hydrolysis of Rho GTPases that leads to inactivation6: 18.30, |n
humans, there are around 80 members of the RhoGAP family!® (Fig. 7). RhoGAPs are
less studied compared to RhoGEFs and only a few RhoGAPs have been characterized
to display specificity for major Rho GTPases such as Racl, Cdc42 and RhoA3°. Some
RhoGAPs such as Slit-Robo GTPase-activating proteins (srGAPS) contain an N-terminal
Fes-Cip4 homology Bin/Amphiphysin/Rvs (F-BAR) domain that induces membrane
curvatures leading to the formation of protrusions3t. Others, such as a2 and B2-
chimaerins, include a Src homology 2 (SH2) or Src homology 3 (SH3) domains which are
involved the signal transduction downstream of receptor tyrosine kinases (RTKs)3°,

Each GAP can specifically target a Rho GTPase. srGAP1 has been shown to
specifically downregulate RhoA and Cdc42, whereas srGAP3 inactivate Racl. srtGAPS3,
also known as WAVE-associated Rac GTPase-activating protein (WRP) directly interacts
with WAVEL1, inhibiting Racl-mediate neurite outgrowth32. In addition, it has been shown
that some Rho GTPases can antagonize the function of other Rho GTPases by recruiting
their target GAPs. For example, Rnd proteins can interact with ArhGAP35/p190RhoGAP
by increasing its GAP activity towards GTP-bound RhoA32. RhoA inactivation by
p190RhoGAP can then positively regulate spreading and migration by controlling cell
protrusion and polarity®*. Similar to GEF-Rho interactions, GAP-Rho interactions have not

been fully investigated. How GAPs inactivate particular Rho GTPase-effector signaling

13



pathways has not been uncovered.

Breakpoint cluster region protein (BCR) and Active BCR-related (ABR) exhibit GAP
activity toward Rac13%. BCRand ABR are considered as GAPs, but also GEFs, since they
contain a DH domain and a GAP domain. It has been shown that both BCR and ABR
display GEF activity toward Racl, Cdc42 and RhoA%°. It has been suggested that the
GAP and GEF domains of these proteins might interact with Rho GTPases in a non-

competitive manner and regulate them in response to different cellular signals®°.
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Fig. 7 | Major Rho GAPs and their domain organization.

Reprinted by permission from [Elsevier]: [Molecular and Cellular Neuroscience]: [Rho
GTPase-activating proteins: Regulators of Rho GTPase activity in neuronal development
and CNS diseases, Guo-Hui Huang, Zhao-Liang Sun, Hong-Jiang Li, Dong-Fu Feng]:
[Elsevier: All rights reserved]: (2017)
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1.1.2.3. Rho guanine Nucleotide Dissociation Inhibitors (RhoGDIs)

RhoGDIs are cytosolic proteins without enzymatic activity. They retain Rho
GTPases in an inactive, GDP-bound state, sequester them from the cell membrane, thus
preventing them from proteolytic degradation or effector interaction!®. Interestingly, not all
small Ras GTPases have GDIs. The Ras family does not have any GDIs, while the Rho
and Rab small GTPases have been described to bind GDIs®®. In mammals, the RhoGDI
family contains three members: RhoGDI1/ARHGDIG/RhoGDla, RhoGDI2/RhoGDIB and
RhoGDI3/RhoGDly. RhoGDI1 is ubiquitously expressed in most cell lines, while RhoGDI2
has been shown to be expressed in haematopoietic cells and upregulated in some
tumors3> 36, RhoGDI3 is mostly expressed in the brain3> 36, The N-terminal regulatory
domain of RhoGDIs mediates the interaction with the Switch | and Il regions of Rho
GTPases!® 18, This interaction prevents the exchange between the GDP-and GTP-bound
states!8. The hydrophobic pocket that is located on the C-terminal domain allows
RhoGDls to binds to the isoprenyl moiety of Rho GTPases, extracting Rho GTPases from
the cell membranel® 36, It has been shown that RhoGDI1 promotes degradation and
inactivation of the cytosolic Rho GTPases while activating the membrane-bound Rho
GTPases?’. In addition, RhoGDI-Rho GTPase interaction has been shown to be regulated
by several mechanisms such as phosphorylation which diminishes the RhoGDI affinity
for Rho GTPases, favouring Rho GEF-Rho GTPase complex and subsequent Rho
GTPase activation or by binding to 14-3-3 proteins, preventing RhoGDI-Rho GTPase

associationls: 38,
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1.1.2.4. Regulation by post-translational modifications (PTMs)

In addition to their regulation by GEFs, GAPs and GDIs, Rho GTPases are also
regulated by PTMs such as phosphorylation, lipid modifications, sumoylation or

ubiquitination®® (Table 1).
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Table 1 |
ubiquitylation

Reprinted by permission from [Springer]: [Nature]:
Biology]: [Regulating RhoGTPases and their regulators, Richard G. Hodge, Anne J.

Phosphorylation

* SRC - Y64 — enhancement of RhoGDl interaction**’
* PKA — S185 — translocation to the cytosol by increasing interaction

with RhoGDI*

® CDK5 - T197 — maintains RhoQ in lipid raft compartments, thereby
disrupting cortical actin’®®

¢ *aPKC — T197 — might regulate RhoQ role in coordinating actin
remodelling during the fusion/docking of GLUT4 vesicles in response
toinsulin stimulation®*®

* ERK— T108 — targets RAC1 for translocation to the nucleus®

* FAK - Y64 — negative regulator of RAC1 activity and cell spreading®
* SRC - Y64 — negative regulator of RAC1 activity and cell spreading®®
® AKT = S71 — inhibits GTP binding and decreases RAC1 activity®*

* IPKA — S188 — translocation to the cytosol by increasing interaction
with RhoGDI**#

¢ Decreases binding and inhibits activity of ROCK effector?

¢ Protects GTP-bound RhoA from proteasome-mediated degradation

* PKG — S188 — translocation to the cytosol.

* Protects RhoA, particularly GTP-bound form, from
proteasome-mediated degradation?*

® PKC - T127 and S188 — translocation to the plasma membrane.
Protects GTP-bound RhoA from proteasome-mediated degradation'?®

¢ ERK2 —required for FBXL19-dependent RhoA degradation*’

¢ SLK = $188 — might inhibit RhoA activity®*®

CK1 - S185 —increases GDP-bound inactive form'*

AKT = S73 —rrequired for downstream signalling and mediates
increased breast cancer cell invasiveness'**

? - S228 —regulates 14-3-3 protein binding*
? —S223 —regulates 14-3-3 protein binding®

* ROCK1 — S240 and S218 — regulates binding to 14-3-3 proteins,
where RND3 is translocated to the cytosol*®
* PKC - S210 — regulates 14-3-3 binding*®

SRC - Y254 — translocation from the plasma membrane
to endosomes®

*LCK? - Y73, Y83 —Tyr phosphorylation of ITAMs might modulate
interaction of RhoH with ZAP70in T cells*

Post-translational modifications

and sumoylation.

Ubiquitylation

* XIAP and clAP1— K147 —
polyubiquitylation and proteasomal
degradation, regulates plasticity
of cell migration®®

* HACE1 — K147 — preferentially
targets GTP-bound, active RAC1
for degradation, to control
RAC1 activity®+6264

©SSCF®X11? 5 K166 —
proteasomal degradation ina
AKT-dependent manner®

SCF®*19 5 K166 — targets RAC3 for
proteasomal degradation and results in
E-cadherin downregulation®

¢ *SMURF1 - K6, K7 and K51 —
proteasomal degradation*451:140

© SSCFX19 5 K135 — proteasomal
degradation in an ERK-dependent
manner*

® CUL3BACURC  proteasomal degradation

of GDP-bound inactive RhoA*
* SCF®W _ proteasomal degradation

* CUL2" — proteasomal degradation
leading to liver carcinogenesis'*

* SMURF1 — K6 and K7 — degradation
as part of DNA damage response
pathway. RhoB abundance controls
cellfate in response to DNA damage®®

SCF*%2 - K235 — proteasome-
mediated degradation to control cell
cycle progression’*®

CULSR8%0A 5 K177, K248 — protein
degradation, RhoU protected by
PAK4 binding to promote focal
adhesion turnover'*

CUL3 ubiquitin ligase complex —
proteasome-mediated degradation®®

of Rho GTPases:

Ridley]: [Springer Nature: All rights reserved]: (2016)
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Sumoylation

IPIAS3 —» K183,
K184,K186,

K188 —results
inincreased GTP
binding and RAC1
activation. Does
not seem to be
important in RAC1
localization®’

Phosphorylation,

[Nature Reviews Molecular Cell



11.24.1. Lipid modifications

Lipid modifications are essential for controlling subcellular localization of Rho
GTPases. The C-terminal CAAX motifs plays a major role in lipid modifications3°. This
cysteine residue of the CAAX motif is prenylated, which implicates the addition of either
a farnesyl or geranyl-geranyl isoprenoid lipid. This prenylation process is mediated by
farnesyitransferase and geranyl-geranyltransferase. Prenylation is then succeeded by
proteolysis of the 3 C-terminal (AAX) amino acids and carboxymethylation of the
prenylated cysteine residuel® 22, Prenylation is crucially important for plasma membrane

or endomembrane targeting of Rho GTPases.

Some of the atypical Rho GTPases, such as RhoU and RhoV do not possess a
CAAX motif, but they have a C-terminal CFV motif that undergoes palmitoylation'® 40,
However, it has been shown that palmitoylation alone is not sufficient to target RhoV to
the plasma membrane*°. Basic amino acids in the carboxy terminal residues have been
demonstrated to be important for RhoV translocation to the plasma membrane or
endomembranes*. Palmitoylation and membrane targeting of RhoV facilitates its
interaction with PAK serine/threonine kinases, which are also common effectors for Racl

and Cdc4241,

Classical Rho GTPases can undergo both prenylation and palmitoylation. For
example, Racl is palmitoylated at Cys178 which is located on the CAAX motif, but only
after prenylation at Cys18942. It has been shown that palmitoylated Racl shows increased

GTP loading and higher association with detergent-resistant membranes. This promotes
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the formation of Racl-effector complexes in the plasma membrane and subsequent
signalling cascades that lead to actin polymerization!® 42, Cells that express

palmitoylation-deficient form of Racl exhibited migration defects3.

1.1.24.2. Phosphorylation

Phosphorylation is another posttranslational modification for Rho GTPases, which
regulates their activity and localization. Rho GTPases can be negatively regulated by
phosphorylation. For example, RhoA phosphorylation on Serl88 by Protein Kinase A
(PKA) triggers GDI binding, which results in RhoA translocation from the plasma
membrane to the cytosol**. GDI-bound RhoA is protected from proteolytic degradation,
however this also prevents RhoA to interact with downstream effectors such as Rho-
associated protein kinase (Rock)*-46, It has been demonstrated that this results in a
decreased Myosin Regulatory Light Chain (MRLC) phosphorylation by Myosin Light
Chain Phosphatase (MLCP) since the Myosin- binding subunit of Myosin Phosphatase
(MYPT1) remains activated following Rock inactivation in C2C12 cells in response to
compressive stress*’: 48, Interestingly, this Ser188 residue is not found in other members

of the RhoA subfamily, RhoB or RhoC, suggesting that it is RhoA-specific regulation to

control RhoA activity and downstream signaling pathways?6.

Racl phosphorylation on Tyr64 or Ser7l has been reported to have major
consequences on Racl-mediated actin polymerization and cell adhesion!® 4°. Proto-

oncogene tyrosine-protein kinase Src (Src) or Focal adhesion kinase (FAK) induce Racl
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phosphorylation on Tyr64, which resulted in altered spreading of HUVEC cells on
fibronectin®®. Abrogation of Src- or FAK-mediated Racl phosphorylation on Tyr64 by
using a mutant form of Racl, Rac1Y%4F, resulted in increased GTP-binding and cell
spreading®. In addition, Racl phosphorylation on Ser71 by Rac-alpha serine/threonine-

protein kinase (AKT) has been reported to show decreased GTP-binding®°.

1.1.2.43. Ubiquitination

Ubiquitination (also called ubiquitylation) is a posttranslation modification that
involves the attachement of ubiquitin peptides to lysine residues of target proteins. It
requires the involvement of three enzymes: Ubiquitin-activating (E1), ubiquitin-
conjugating (E2) and ubiquitin-igase (E3) enyzmes. Monoubiquitination or
polyubiquitination can regulate proteasome-mediated degradation as well as localization

of target proteins to different cellular compartments?é,

Although several Rho GTPases have been described to undergo ubiquitination,
mechanisms underlying how RhoA is ubiquinated have been better elucidated compared
to other Rho GTPases?® 39. Nucleotiode-free and GDP-loaded forms of RhoA have been
reported to be ubiquitinated by the Smurfl E3 ubiquitin ligase®!, while both GDP- and
GTP-loaded forms of RhoA are ubiquitinated by the SCFFBXL19 E3 ubiquitin ligase>2.
Ubigutination of RhoA by these two E3 ligases lead to proteosomal degradation, helping
RhoA to maintain its protein expression levels and turnover. It has been shown that an

increased SMURF1 expression is associated with decreased RhoA expression levels and
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cell adhesion, which resulted in an increase in migration and invasion of MCF-7 breast
cancer cells®3. RhoA ubiquitination by SCFFBXL-19 has been reported to decrease the

phosphorylation levels of Myosin light chain (MLC) in MLE12 lung epithelial cells®?2.

Interestingly, Racl has been reported to be ubiquitinated only when it is GTP-
loaded®#-56, Racl is ubiquitinated by a variety of E3 ligases such as SCFFBXL-195" and
HACE156.58-60, Aprogating HACE1 expression increased total Racl expression levels and
Racl-induced membrane ruffling®®. It is known that overexpression of HER2 promotes
Rac1 activation and is associated with cell proliferation, survival, migration and invasion®°:
61, Neither HER2 overexpression nor HACE1 knockdown alone in MCF12A cells were
able form tumors when implanted into mammary fat pads of immunodeficient NOD-SCID
mice®%. However, a combinatorial HER2 overexpression and HACE knockdown resulted
in tumor formation in NOD-SCID mice, which is driven by Racl overactivation®®. These

studies highlighted the regulation of Racl activity by ubiquitination in cancer.

1.1.24.4. Sumoylation

Sumoylation is another posttranslational modification that regulates Rho GTPase
activity!®. It requires the involvement of small ubiquitin-related modifiers (SUMO) such as
the activating SUMOL1, the conjugating SUMO2, the SUMO3 E3 ligase and the lately
discovered SUMO4, which is expressed in the human placenta and whose function
remained largely unexplored®® 62, SUMO attachment to target proteins is very similar to

that of ubiquitin enzymes, with few differences. Prior to activation and conjugation, the C-
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terminal peptides of SUMO proteins need to be cleaved by the SUMO specific protease
(SENP). Following conjugation, E3 SUMO ligases can transfer the SUMO group to a
lysine residue of the target protein. Unlike ubiquitination, sumoylation does not lead to
protein degradation. It primarily affects biological processes such as transcriptional

regulation or nuclear transport18: 63,

Surprisingly, Racl is the only Rho GTPase that has been shown to be regulated by
sumoylation!8 3% 64 Symoylation is not required for Racl activation but helps to keep
Racl in a GTP-loaded, activated form®*. Interaction of Racl with Protein inhibitor of
activated STAT3 (PIAS3), a E3 SUMO ligase, is essential for increased Racl activity and
cell migration®4. It has been demonstrated that PIAS3-induced Racl sumoylation
maintains GTP-bound levels of Racl, controlling its capability to promote lamellipodia,
migration and invasion®4. In addition, sumoylation of RhoGDI at Lys138 provides RhoGDI
a higher binding affinity to small GTPases such as RhoA, Racl and Cdc42 and has been

shown to be essential for inhibiting actin polymerization and motility of HTC116 colon

cancer cells®,

1.2. Rho GTPaseeffectorsand signalling pathways

Most studies in the Rho GTPase field focused on the characterization of effectors
and signaling pathways of the three Rho GTPases: Racl, Cdc42 and RhoA. The
subfamilies belong to these three major Rho GTPases and the RhoD/RhoF subfamily

have been described as classical Rho GTPases. The remaining subfamilies, which
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comprise the Rnd subfamily, the RhoBTB subfamily, the RhoU/RhoV subfamily and RhoH
are considered as atypical Rho GTPases as they are constitutively GTP-loaded. Their

protein levels, activity and localization are mostly regulated by mechanisms such as

ubiquitination or phosphorylation.

So far, studies on Rho GTPases identified a considerable number of effectors
and signaling pathways. However, there are most likely other effectors and signaling

cascades to be identified.

1.2.1. Classical Rho GTPases

1.2.1.1. Rac subfamily

Racl is one of the three major Rho GTPases and is the prototype member of the
Rac subfamily. Racl and Rac3 are widely expressed, however Rac2 expression is mostly
limited to hematopoietic cells. The first function of Racl has been described in 1992 by
Alan Hall and his colleagues, who showed that Racl induces lamellipodia formation and
membrane ruffing upon Plateled-derived growth factor (PDGF) stimulation®S.
Lamellipodia are thin sheet-like extensions that are formed atthe front of migrating cells=°.
The formation of these transient membrane trusions is driven by the polymerization of
actin filaments and the establishment of adhesions with the extracellular matrix (ECM)67.
Membrane ruffles are described as wave-like membrane extensions that move upside

towards the main cell body®®. It has been demonstrated that membrane ruffles are formed
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due to inefficient ligand-integrin interaction, such as integrin a5B1 and fibronectin
interaction, at the leading edge of lamellipodia and regulated by both Racl and RhoA?®8.
Membrane ruffles are stabilized by actin filament cross-linker proteins such as Filamin or
Ezrin, that signal downstream of Racl and RhoA, respectively®®70, It has been suggested
that the formation of membrane ruffles depends on an increase in the activity of
Phospholipase D2 (PLD2) upon Growth factor Receptor Bound protein-2 (Grb2) binding
and Rac overexpression’?,

Active Racl stimulates lamellipodia formation via direct binding to Sral/Cyfipl, one
of the members of the SCAR/MWave Regulatory Complex (WRC). The binding of GTP-
loaded Racl with Sral is followed by a conformational change that releases the verprolin
homology, cofilin homology and acidic region (VCA) motif that is located on WAVEL,
which results in the activation of the Arp2/3 complex and assembly of actin filaments7276,
leading to lamellipodia formation and membrane ruffling”” (Fig. 8). Later, studies also
revealed that WAVE includes another direct effector for Rac proteins, IRSp53/BAIAP2,
which directly binds to and connects active Racl with the proline-rich motif of WAVE"" 78,
It has been revealed that active Racl binds to the inverse Bin/Amphiphysin/Rvs (-BAR)
domain of IRSp53, promotes protrusion formation by causing outward membrane
curvature’®. This enhances Arp2/3-driven actin polymerization, lamellipodia formation
and membrane ruffling”®.

Like IRSp53, Racl binds to other BAR-domain containing proteins to regulate
membrane deformation. For example, PACSIN2, an F-BAR domain containing protein
that promotes membrane tubulation and endocytosis, has been shown to directly bind to

active Racl. Active Racl triggered a loss of PACSIN2-positive intracellular tubules, while
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inhibition of Racl resulted in accumulation of PACSIN2-positive tubules. Overexpression
of PACSIN2 decreased the levels of Racl-GTP while siRNA-mediated knockdown of
PACSIN2 increased the levels of Rac1-GTP, enhancing cell spreading and migration.

Focal adhesions are molecular complexes that links the cytoskeleton to the ECM.
They contain integrins, transmembrane receptors and integrin-associated cytosolic
proteins that connect integrins between the ECM and actin stress fibers®’. The formation
of focal adhesion is a pre-requisite step for lamellipodia and membrane ruffling
stimulation®’. The involvement of GIT-BPIX-PAK complex is essential for focal adhesion
disassembly®l. This complex activates Racl and promotes cell migration via GIT-Paxillin
interaction and PAK-dependent phosphorylation of Paxillin at Ser273% 22 81-83 Thjs acts
as a positive feedback and increases adhesion turnover at the leading edge of migrating
cells. GIT acts as a GAP for the ARF small GTPases, suggesting that the GIT-driven Rac
activation is correlated with ARF inactivation, which plays an important role in cell
migration?? 84, B-PIX is a Rac-specific GEF that connects PAK, a serine/threonine kinase
that is a Rac effector, with Racl, showing that GEFs can directly interact with Rho
GTPase effectors and link them to their corresponding GTPases?2. The engagement of
GEFs in Rho GTPase-effector complexes may determine the effector specificity of Rho
GTPases to promote distinct signaling pathways and biological functions. PAK, which are
activated by Rac GTPases, phosphorylate and induce LIMK kinase (LIMK) activation.
LIMK activation results in Cofilin phosphorylation and inactivation®. Since Cofilins are
actin-binding proteins that are involved in the disassembly of actin filaments, inactivation
of these proteins leads to actin polymerization3®: 85,

Lipid kinases are another group of effectors that are involved downstream of Rho
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GTPases. Active Rac proteins can activate Phosphatidylinositol-4,5-biphosphate 3-
kinase (PI3K) which produces phosphorylated lipids that are important for cell
polarization®. In humans, there are three classes of the PI3K family: Class |, Class Il and
Class lll. The class | of PI3Ks are the best characterized among the PI3K family and can
produce phosphatidylinositol (3,4,5)-triphosphate (called Ptdins(3,4,5)P3 or PIP3) from
phosphatidylinositol (4,5)-biphosphate (called Ptdins(4,5)P2 or PIP2). There is a crosstalk
between the PI3K signaling cascade and Rac activation®’. G-protein coupled receptors
(GPCRs) can induce the PI3K activity to promote Rac activation through Prexl. Co-
expression of both G protein beta/gamma subunit and PI3K has been reported to recruit
Prexl to the plasma membrane, which positively regulates Racl activation®. This
translocation of Prex from cytosol to the plasma membrane is mediated by the lipid
second messenger PIP3, which recruits proteins comprising the PH domain such as some
members of the GEF proteins such as Prex. It has been shown that Prex2 can inhibit
phosphatase and tensin homolog deleted on chromosome 10 (PTEN), a phosphatase
that blocks the PIBK pathway by the dephosphorylation of PIP3, through its PH domain,
which interacts with the PTEN catalytic region®. Although these studies provided
evidence that PI3K leads to Rac activation, some others showed that Rac GTPases
induce PI3K activation as well. PI3K binds to GTP-loaded form of Racl and Cdc42 via its
p85 regulatory subunit, indicating that it is an effector for these two Rho GTPases®.
Moreover, it has been reported that Rac directly binds to the BCR homology (BH) domain
of the PI3K p85 regulatory subunit and this binding is dependent upon Rac being GTP-
loaded form, suggesting that PI3K is a Rac effector 9.1 The crosstalk between Rac

and PI3K is a perfect example of positive feedbacks of small GTPases with their effectors.
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Another example of how Rho GEFs can directly connect their Rho GTPases to their
effectors is Prexl-mediated flightless-1 homolog (FLI) binding of Rac1°2 %3, FLII has been
identified as a novel Racl effector and promotes fibroblast migration®2. Prex1, not only
activates Racl, but also acts as a scaffold to induce active Racl binding to the leucine
rich repeats (LRR) domain of FLII®2 %,

Rac proteins are involved in defense against pathogens®. Leukocytes can
phagocytose pathogenic bacteria®®. The NADPH oxidase complex is implicated in the
production of toxic oxygen radicals produced in phagocytic cells that kill internalized
bacteria®®. The activation of the multimolecular NADPH oxidase complex at the
membrane requires the assembly of cytosolic components such as p47™ and p67mox,
it has been shown that both GTP-loaded Racl and GTP-loaded Rac2 bind directly to
p677°X in neutrophils®>-%7, leading to reactive oxygen species (ROS) production.

RhoG is the neglected member of the Rac subfamily. The functions of RhoG are
not as well characterized as three other Rac proteins at present. RhoG is best known to
activate Racl by directly interacting with Engulfment and Cell Motility (EImo), a direct
binding partner of Dock®. RhoG-mediated EIlmo/Dock activation of Racl promotes
cytoskeletal dynamics such as lamellipodia or membrane ruffling®®. It has been shown
that the RBD domain of EImo mediates RhoG-binding, which, in turns, reliefs EImo from
its autoinhibited statel®, This leads to a conformational change that favors Elmo/Dock
interaction and the subsequent Rac activation®. In addition, RhoG is also known to
activate Kinectin, an endoplasmic reticulum (ER) membrane protein that binds to kinesin

motor proteins, which are involved in intracellular organelle and transport of vesicles1%%

102
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1.2.1.2. Cdc42 subfamily

Cdc42 is another classical Rho GTPase that belongs to the Cdc42 subfamily
together with RhoJ and RhoQ. Cdc42 and RhoQ are widely expressedi®®, RhoJ
expression is restricted to endothelial and tumor cells'%* 105, Alan Hall and his colleagues
showed that overexpression of Cdc42 stimulates filopodia in Swiss 3T3 fibroblast cells,
leading to sequential activation of Racl and RhoA, respectivelyl%. Filopodia are
described as finger-like membrane extensions that are located at the leading edge of
migrating cells®’. The activation of nucleation promoting factors (NPFs) such as Wiscott-
Aldrich Syndrome protein (WASP), neuronal (n-WASP) as well as WASP-family verprolin-
homologous protein (WAVE)/suppressor of CAMP receptor (SCAR) are essential since
the Arp2/3 complex itself is not sufficient for actin polymerization3®. Cdc42 activates
WASP and N-WASP complexest®” (Fig. 8). Inactive N-WASP or WASP complexes are
found in an autoinhibited state through the interaction of the C domain of the verprolin
homology, central and acidic (VCA) module and the GTPase binding domain (GBD). This
autoinhibition is relieved by the direct binding of GTP-loaded Cdc42 and PIP21%, It has
been shown that Cdc42 binds directly to the GBD domain and PIP2 binds to a polybasic
region, also known as the B motifl®. Upon Cdc42 and PIP2 binding, active N-WASP or
WASP can promote Arp2/3 driven actin polymerization. Similarly, RhoQ and RhoJ have
been demonstrated to bind to N-WASP and promote Arp2/3-mediated actin

polymerization©3, leading to filopodia formation!1®, IRSp53 is an effector for both Cdc42
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and Racl. IRSp53 binds to active Cdc42 through its Cdc42 and Rac interactive binding
(CRIB) domain. Upon Cdc42 binding to IRSp53, the I-BAR domain of IRSp53 induces
outward membrane curvature and promotes WASP-mediated Arp2/3-driven actin
polymerization and subsequent filopodia formation?®.

In addition to its role in filopodia formation, Cdc42 is also involved in invadopodium
formation!l, It has been reported that VAV1, a GEF for Cdc42, Racl and RhoA, activates
Cdc42 to stimulate invadopodia in DanG pancreatic cancer cells and Src-induced
phosphorylation and activation Vavl are required for invadopodia formation!12,

Cdc42 co-operates with Racl in the activation of several effectors such as PAK,
PI5K, formins and IQGAP®. In mammals, formins such as mDia2, mDia3, Daami,
FMNL1, FMNL2 and INF2 have been reported to interact with Cdc42 and are involved in
filopodia formation!'3. Overexpression of IQGAP increased the levels of GTP-loaded
Cdc42, leading to the formation of filopodia in MCF-7 breast cancer cells'4. Both IQGAP1
and IQGAP2 bind to Cdc42 via their GTPase-activating protein (GAP)-related domain
(GRD)5, The crystal structure of Cdc42-GTP bound to the GRD domain of IQGAP2
showed that Cdc42 promotes IQGAP dimerization1>,

The signaling networks of RhoQ and RhoJ are less characterized compared to that
of Cdc42. Endogenous RhoJ was localized to focal adhesions in endothelial HUVEC
cells'16, Vascular endothelial growth factor (VEGF) activates RhoJ, promoting endothelial
cell migration and tube formation via actomyosin-mediated contractility and focal
adhesions’ 116, Moreover, RhoJ and Cdc42 are both expressed in human corneal

epithelial (HCET) cells and are involved in cell migration in vitro™ 117,
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1.21.3. RhoA subfamily

RhoA is one of the most studied Rho GTPases and belongs to the RhoA subfamily,
which also includes RhoB and RhoC. The biochemical function of RhoA was first
discovered by Alan Hall and his colleagues in 1990, when they microinjected RhoA®4V,
a constitutively active form of RhoA, in Swiss 3T3 fibroblast cells!18. They reported that
active RhoA induces morphological changes in the organization of actin filaments, without
idea of what these induced cellular structures are and what they dol!®. In 1994, they
identified that these cellular structures are stress fibers that are induced after
lysophosphatidic acid (LPA) treatment and reported that active RhoA regulates focal
adhesion assembly and stress fiber formation downstream of LPA cascade’* 119 120,
Thus, RhoA became the first Rho GTPase whose function was revealed*'®.

RhoA, RhoB and RhoC activate downstream effectors such as mDia and Rock.
Catalytically inactive Rock is keptin an autoinhibited conformation by a direct interaction
of its N-terminal kinase domain with its C-terminal region including the coiled-coil domain,
the PH domain and the cysteine-rich domain?l, Rock is released from its autoinhibited
conformation upon active RhoA binding to the RhoA-GTP binding (RB) domain of
Rock!?l, Once activated by RhoA, catalytically active Rock can either directly
phosphorylates MRLC or phosphorylates and inactivates the MYPT1, which, in turn,
inhibits the myosin phosphatase activity so the MRLC is phosphorylated. MRLC
phosphorylation promotes myosin Il interaction with actin filaments and the assembly of
stress fibers3? 4874 mDia, which is a member of the Diaphanous (Dia) formin subfamily,

includes an N-terminal GBD domain and C-terminal Diaphanous autoinhibitory domain
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(DAD)'?2, mDia, like ELMO, can be found in an autoinhibited state. Upon Rho binding to
the catalytic formin homology 2 domain (FH2) of mDia, GBD is relieved from DAD, which,
in turn, induces a conformational change that activates mDia, leading to the nucleation
and polymerization of actin filaments'?2-124, Independent of its actin nucleation function,
mDia exhibits a microtubule stabilization activity?>. Moreover, Upon RhoA-binding, mDia
co-operates with Rock for the formation of actomyosin bundles, like stress fiberss®.
However, mDiais found at the leading edge and rear of the cells and functions differently
dependent on the cell type and the local Rho GTPase activity.

It has been thought that Rac and Cdc42 are found in an active state at the leading
of migrating cells and promote protrusion formation such as lamellipodia, membrane
ruffing or filopodia, whereas RhoA has been initially suggested to be active only at the
rear or in the cell body to promote stress fibers, creating the mechanical force needed for
retraction of the cells, followed by a forward movement’4. Later, studies demonstrated
that RhoA is also found in an active state at leading, prior to Rac and Cdc42 activation’*
126,127 studies showed evidence that following cell-cell contact, RhoA is activated at the
initial cell-cell contact site, whereas Racl and Cdc42 are found inactive at this site but
activated at leading edge of migrating cells®’. Which GEFs, GAPs or PTMs are involved
in this crosstalk between Rho GTPase-stimulated cell migration is not well elucidated’*.

FMNL2, an effector for both Racl and Cdc42, has also been shown to bind active
RhoC, but not RhoA or RhoB. RhoC-specific FMNL2 activation is important for tumor
invasion in vitro?8, In addition, RhoC has also been shown to be essential for metastasis
in vivo'?®. It is thought that FMN2 specificity of RhoC is due to RhoC-specific isoleucine

residue at position 43, which may also determine GEF binding selectivity16.
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1.2.1.4. RhoDand RhoF subfamily

RhoD and RhoF are classified as classical Rho GTPases. However, a study has
suggested that RhoD and RhoF need to be considered as atypical Rho GTPases since
they show a high intrinsic nucleotide exchange activity and are largely found as GTP-
bound130. It has been reported that RhoD localizes to the early endocytic vesicles and to
the plasma membrane’ 131 |t has been demonstrated that RhoD controls early
endosomal dynamics and distribution. Moreover, it has been shown to be implicated in
the disassembly of focal adhesions and stress fibers by antagonizing RhoA, affecting cell
migration and cytokinesis’ 132, Like Cdc42, active RhoD stimulates filopodia and loss of
RhoD reduces cell migration'®3. RhoD promotes Arp2/3-driven actin polymerization via
the recruitment of WASP homolog associated with actin Golgi membranes and
microtubules (WHAMM), an actin nucleation protein!33, In addition, it promotes Filamin A
(FLNa)-stimulated actin dynamics by interacting with FLNa-interacting protein (FILIP)"4:
133_

Interestingly, RhoF has been shown to induce filopodia formation independent of
Cdc42, via the binding and activation of mDia274134, In addition, RhoF binds to mDial to
stimulate filopodia formation and the RhoF/mDial module seems to be independent of
the traditional Cdc42/WASP/Arp2/3 axis’™ 135 Surprisingly, RhoF is involved in the
formation of stress fibers in HeLa cells. It has been shown that both RhoA and RhoF
target the same downstream effector, mDial, for stress fiber formation and mDial
recruitment is Rock-dependent!®6. Active RhoF transiently interacts with Rock without

significantly activating it, but ithas been shown to increase the local concentration of Rock
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activity!36,

1.2.2. Atypical Rho GTPases

Atypical Rho GTPases include the Rnd subfamily, the RhoBTB subfamily, the RhoU
and RhoV subfamily and RhoH.

The Rnd subfamily of proteins are unable to hydrolyze GTP. Thus, they are
considered as GTPase-deficient and are constitutively found in the GTP-loaded state!?’.
Rnd1 and Rnd3 have been shown to interact with p190RhoGAP to antagonize the activity
of RhoA, which results in the disassembly of stress fibers and causes cell rounding33: 3°
138 Rnd2 is mostly found in the cytoplasm, while Rndl and Rnd3 are membrane-
associated and are not affected by RhoGDI activity®®. Rnd phosphorylation at Ser240
followed by the recognition of the Rnd Cys241-farnesyl moiety by 14-3-3 results in
translocation of Rnd proteins from the plasma membrane to the cytosol®8. This process
inactivates Rnd proteins and Rnd-stimulated cell rounding®®. Rnd2 provides a positive
feedback for RhoA, by interacting with Pragmin, an effector protein, which stimulates
RhoA activity in a Rock-dependent manner3®, Rnd2 and Pragmin stimulated contraction
in HeLa cells, while abrogation of Pragmin expression affected neurite outgrowth!3®,
Interestingly, Rnd2 promotes the RhoA activity through Pragmin, while Rnd1 and Rnd3
are known to antagonize the activity of RhoA74 139,

The RhoBTB subfamily of Rho GTPases includes RhoBTB1 and RhoBTB2.
RhoBTB3 is excluded from the small Rho GTPases family due to differences in amino

acid sequence alignment and possessing an unrecognizable GTP domain. It is thought
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that RhoBTB3 does not even bind to GTP in vitro, which supports the idea of RhoBTB3
may have different biological outputs compared to RhoBTB1 and RhoBTB2140. The
GTPase domain of RhoBTB1 and RhoBTB2 have some differences compared to that of
other Rho proteins. These differences include a longer insert region and a deletion
affecting the phosphate/magnesium binding region. However, it has been shown that
these differences inthe GTPase domain of RnoBTB2 do not hinder GTP binding40- 141, |t
is thought that the GTPase domain of RhoBTB1 may function similarly to that of
RhoBTB2. RhoBTB2 was first named as deleted in breast cancer 2 (DBC2) since the
gene codes for the RhoBTB2 protein is homozygous deleted at region 8p21 in 3.5% of
breast tumors!42, In addition, RhoBTB1 has been shown to be deleted at region 10921 in
head and neck cancer tumors!43. Moreover, the expression of RhoBTB2 showed a
decrease in about 42% of breast cancer patients and that of RhnoBTB1 showed a similar
decrease, about 37%, in head and neck cancer patients, suggesting that the RhoBTB
subfamily of Rho GTPases are implicated in tumorigenesis, possibly acting as tumor
suppressorst40. 144 T-47D breast cancer cell lines lack RhoBTB2 transcriptsi4,
Overexpression of RhoBTB2 in T-47D cells inhibits cell growth and promotes apoptosis
in vitro4®, RhoBTB2 overexpression in HOS (human osteosarcoma) cells caused a
significant G1 phase arrest and apoptosis*. How RhoBTB2 induces cell growth arrest
on T-47D cells is elucidated by cells Cyclin D1 (CCND1) downregulation'4’. Other roles
of RhoBTB proteins, such as in vascular function, have been described148.149, RhoBTB1
was defined as a target of the peroxisome proliferator-activated receptor y (PPARYy), a
nuclear hormone receptor that is involved in adipogenesis but also in vascular protection

of the smooth muscle and vascular endothelium48 149, RhoBTB1 proteins levels are
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significantly reduced in the aorta of mice which expresses a dominant negative PPARY.
The decrease in RhoBTBL1 proteins levels are also correlated with a decrease in cullin 3.
It has been suggested that RhoBTB1 controls cullin 3 activity, which, in turn, governs
RhoA activity in smooth musclel40. 148,149,

RhoU and RhoV constitute a distinct subfamily among the small Rho GTPase family
of proteins. RhoU has been shown to have a very high intrinsic nucleotide exchange
activity and GTP-bound levels compared to that of Cdc42150.151 It s therefore considered
as an atypical Rho GTPase. Although the biochemical features of RhoV, such as the
exchange of GDP for GTP or GTP hydrolsis, have not been studied yet, itis possible that
RhoV may show a similar intrinsic nucleotide exchange activity due to its sequence
homology with RhoU*l. PAKs are the best-defined effectors of RhoU and RhoV. RhoU
directly binds to and activates PAK1'%2, RhoV®4%V, an active mutant of RhoV, showed
increased interaction with both PAK2 and PAKG6, whereas these interactions were
inhibited in the presence of RhoVS*N expression, a dominant negative RhoV mutant4!:
153,154 'In vitro, RhoU promotes focal adhesion turnover, is involved in disassembly of
stress fibers, cell adhesion and stimulation of filopodia in different cell lines4! 155-157 |n
vivo, RhoU has been demonstrated to be involved during the development of the mouse
foregut®8. 159, Overexpression of RhoV stimulates filopodia, lamellipodia or the formation
of focal adhesions depending on the cell type. RhoV has also been shown to be implicated
in development, during the differentiation of neural crest#! 160, The canonical Wnt pathway
triggers transient expression of RhoV and loss of RhoV blocks the expression of neural
crest transcription factors such as Twist, Slug or Sox94%: 160,

RhoH is considered as a subfamily on its own. Like Rac2, it is widely expressed in
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haematopoietic cells and tissues. RhoH is GTPase-deficient and it is believed that it is
constitutively found in a GTP-loaded form without cycling. RhoH has been reported to be
a component of the T cell receptor (TCR) signaling and is indispensable for the signaling
molecule Zap70 to the TCR via its immunoreceptor tyrosine-based activation motifs
(ITAMs)3% 161 |t has been suggested that phosphorylation of the ITAMs of RhoH regulates
its function!6l, Importantly, RhoH has been described as an antagonizer of the activity of
other Rho GTPases by inhibiting the activation of NFkB62, The abrogation of RhoH
expression leads to increased Racl activity, cytosol to plasma membrane translocation
of Racl and colocalization of Racl with cortical filamentous-actin (F-actin) in

hematopoietic progenitor cells (HPCs)39 163,

1.3. Characterization ofthe Rho GTPase signaling networks

1.3.1. Traditional PPl methods

A variety of traditional methods have been employed to determine Protein-Protein
Interactions (PPIs). Large scale approaches permit screening for unbiased new binding
partners. These methods include yeast two-hybrid (Y2H), affinity purification-mass
spectrometry (AP-MS), protein microarrays and peptide phage display. Small scale
approaches can be used to further validate a PPl and expand on the interactions. These
approaches include forster resonance energy transfer or fluorescence resonance energy

transfer (FRET), bioluminescence resonance energy transfer (BRET), co-
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immunoprecipitation (co-ip), x-ray protein crystallography, nuclear magnetic resonance
(NMR) spectroscopy and protein-fragment complementation!®4. These methods often
combine biochemistry with biophysics and computational analyses. Each of these
methods has its own advantages and disadvantages.

Y2H is one of the most commonly used methods to study PPIs. It was first
introduced by Field and Song in 1989165, It was originally developed to detect PPIs in
yeast in vivo, but it was also made available to reveal PPIs in bacteria or mammalian
cells'%6, Before the introduction of Y2H in 1989, PPIs are mostly studied by using
biochemical techniques in vitro'®’. Field and Song exploited the Gal4 transcription factor
to develop Y2H. The classical Y2H consists of a bait which includes a protein of interest,
X, fused to the DNA binding domain (DBD) of Gal4 and a prey, which comprises a
potential interacting protein, Y, fused to the activation domain (AD) of Gal41%7. Interaction
between X and Y pieces together a functional transcriptional factor that could induce
reporter gene expression. Y2H was later applied to other DNA-binding proteins such as
the DBD of E. coli Lex4 or the AD of Herpes simplex virus (HSV) VP16 and others6”.
Y2H enables the detection of a direct interaction between bait and prey. However, it
comes up with inconveniences such as false positive interactions or non-specific
interactions. It disfavors detection of weak and transient PPIs. Proteins that undergo
PTMs are unlikely to interact with each other in a typical Y2H. In traditional Y2H assays,
proteins need to be localized to the nucleus to activate reporter genes, so interacting
proteins that are not localized to the nucleus are mostly excluded unless they have an
artificial NLS. Furthermore, proteins that are not found in their natural physiological

environment might not fold properly to interact with each other164 168,
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In AP-MS, separation of proteins by SDS-PAGE are followed by in-gel tryptic
digestion and protein identification by MS. Native proteins can be subjected to in-solution
tryptic digestion after immunoprecipitation. Mass spectrometers determine the mass to
charge (m/z) ratio of molecules and measure the relative abundance of each peptidel®®
(Fig. 9). Peptides of interest are selected based on their abundance and are fragmented
by tandem MS (MS/MS). The amino acid sequence of fragmented peptides can be
identified by search engines, which compare the fragment ion values of experimental
samples with calculated fragment ion values of all protein sequences in a reference
sequence databasel®®, AP-MS enables the identification of thousands of proteins in a
single analysis. It also identified proteins with PTMs. However, it has some
disadvantages. False positives for proteins which are identified by only one or two
peptides or identification of contaminant proteins that are found in transient interaction
with a protein complex. Although the latter problem can be partially resolved by using IgG
controls for endogenous IPs or tag controls such as Flag, GST, HA, contaminant proteins
may still render the analysis of true interacting proteins difficult'®®. Weak and transient
interactions may be disrupted due to detergents used for solubilization of proteins in cell

lysates.
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Fig. 9 | Overview of protein identification by AP-MS.
Reprinted by permission from [John Wiley and Sons]: [Proteomics]: [Affinity-purification
coupled to mass spectrometry: Basic principles and strategies, Wade H. Dunham,
Michael Mullin and Anne-Claude Gingras]: [John Wiley and Sons: All rights reserved]:
(2012)

Protein microarrays, also known as protein chips, are commonly used to investigate

PPIs (Fig. 10). Proteins of interest are immobilized on a solid surface and probed for

interactions with a protein or peptide. Targeted proteins can be directly detected or via a
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reporter antibody’%. This method enables the study of PPIs in a high-throughput manner.
Protein microarrays offer advantages such as the possibility of studying interactions
relying on PTMs, such as phosphorylation. For example, protein microarrays of human
phosphotyrosine binding (PTB) and Src homology 2 (SH2) domains have been used to
discover phosphorylation-dependent interactions with 61 peptides representing tyrosine
phosphorylation sites on the ErbB receptors1’%- 171 One of the drawback of this method is
that it requires an intensive labor such as cloning, expressing and purifying proteins
encoded in the human genome. Also, it is not possible to verify whether proteins are

folded correctly and behave properly under a different set of conditions170. 172,

Labeled J J
peptide J

1. Incubate
c 2. Wash G
Protein Domain-peptide

domain ; :
Glass substrate interaction

Protein domain microarray

Fig. 10 | Protein microarray. Full-length proteins or protein domains can be immobilized
on a solid surface and probed with fluorescently labeled peptides. After incubation and
wash, targeted full-length proteins or protein domains can be detected by fluorescence.

Reprinted by permission from [Springer]: [Nature]: [Nature Protocols]: [Quantifying
protein-protein interactions in high throughput using protein domain microarrays, Alexis

Kaushansky, John E. Allen, Andrew Gordus, Michael A. Stiffler, Ethan S. Karp, Bryan H.
Chang and Gavin MacBeath]: [Springer Nature: All rights reserved]: (2010)

Peptide phage display is one of the earliest methods to study PPIs (Fig. 11)
Typically, polypeptides are fused to the gene-3 minor coat protein (P3) or the gene-8
major coat protein (P8) of the M13 filamentous phage, so they can be displayed on phage
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particles containing the encoding DNA as well*’3-175, The phage library is then incubated
with an immobilized solid surface that contains bait proteins to select for binding of
displayed peptides with bait proteins. Unbound phages are then washed. Bound phages
are eluted and amplified in E. coli. Amplified phage pools are then used for additional 3-
5 rounds of selection. Bound polypeptides can be determined by DNA sequencing173-175,
Compared to other methods, peptide phage display allows to identify the peptide binding
domains and the generation of consensus motifs. It also enables the construction of
diverse peptide libraries at a low cost!’3175, However, it has some disadvantages. Luck
and Travé showed that phage-display peptides can be very hydrophobic with high affinity,
which is the case for tryptophan-containing peptides, while natural interaction motifs tend
to be more hydrophilic with low affinity and high specificity’’. They showed that
interaction predictions for the two-thirds of the 54 human PDZ domains may be impaired
due to a bias for hydrophobic amino acids!’6. Therefore, amino acid composition must be

considered when utilizing peptide phage display to study PPIs.
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Fig. 11 | Overview of the peptide phage display method.
Reprinted by permission from [Elsevier]: [Current Opinion in Structural Biology]: [Phage

display for engineering and analyzing protein interaction, Sachdev S. Sidhu and Shohei
Koide]: [Elsevier: All rights reserved]: (2007)

FRET and BRET are two approaches relying on signal changes that occur via the
use of fluorescence or bioluminescence following a PPI (Fig. 12). In FRET, an excited
fluorescent molecule, the donor, transfers its energy to another fluorescent molecule, the
acceptor, if they are found within a radius of ~50 Angstrom (A) of each other!””. FRET
can be used a PPl method by fusing candidate proteins to the donor or acceptor
fluorophore molecules. FRET efficiency depends on the spectral overlap of the donor
emission and acceptor excitation as well as the relative orientation and distance between
the donor and acceptorl’ 179, A typical FRET assay is based on the use of aequorin as

the donor, a photoprotein purified from the jellyfish Aequorea, and a GFP mutant as the
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acceptor. When aequorin and mutant GFP are associated in vivo, aequorin transfers its
energy to GFP so GFP can emit green light177-179, BRET was later developed and is based
on bioluminescence!’®. In BRET, the donor can be a bioluminescent molecule, a
luciferase, so it does not require fluorescence excitation. In the presence of a substrate,
bioluminescence catalyzed by the luciferase excites the acceptor fluorophore, a GFP
mutant by the same resonance energy transfer if they are found in the proximity of each
other, within a radius of ~50 Angstrom (A)177. Candidate proteins can be fused to the
bioluminescent donor and fluorescent acceptor molecules to study PPIs in BRET both in
vivo and in vitrol77-17°, FRET and BRET have many advantages. They can allow the
investigation of the subcellular location of the interaction!® 181 |n addition, since the
energy transfer is a very rapid phenomenon, occurring in few nanoseconds, this renders
determination of distances between proteins with nanometer precision!’®. FRET has
disadvantages such as photobleaching, phototoxicity or autofluorescence®. Although
BRET improved these problems found in FRET, it often comes with other problems such

as weak signal or overlap of donor and acceptor emission peaks83,
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Fig. 12 | Overview of FRET and BRET assays. A) Overlap between the donor emission
spectrum and acceptor excitation is necessary for energy transfer. B) The energy transfer
occurs when the donor and acceptor are found in proximity upon interaction of the protein

of interest with its binding partner.

Reprinted by permission from [John Wiley and Sons]: [Biotechnology Journal]: [The BRET
technology and its application to screening assays, Johan Bacart, Caroline Corbel, Ralf
Jockers, Stéphane Bach and Cyril Couturier]: [John Wiley and Sons: All rights reserved]:

(2008)

The co-IP experiment is the mostly frequently used method to investigate PPIs. A
protein complex that includes the target protein and its binding partners, can be
precipitated using an immobilized antibody that recognizes a known epitope of one of the
components of the protein complex84. Immunoprecipitated proteins are then subjected

to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
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immunoblot (also known as western blot) analysis. This method is commonly used to test
whether proteins interact with each other in vivo or reveal novel interacting partners in a
protein complex!®4. This method has many weaknesses such as the cross-reactivity of
antibody, cell line- or tissue-specific expression of endogenous proteins, intensive labor
for cloning and expressing fusion proteins, difficulty to assess weak and transient
interactions, the possibility of impaired protein function due to large protein-tags, stringent
biochemical conditions, has low throughput and time consuming®4. Similar to co-IP,
Glutathione-S-transferase (GST) pulldown consists of studying PPl between a GST-
tagged bait and an unknown or known binding partner. GST-tagged bait, which is in
complex with its binding partner, can be precipitated using GST agarose beads, subjected
to SDS-PAGE and immunoblotting!8, This method often reduces the precipitation of non-
specific binding partners due to the cross-reactivity of an antibody that occurs during co-
IP. However, certain proteins may non-specifically interact with GST. This technique has
similar weaknesses as co-IP.

X-ray protein crystallography is used to determine the three dimensional structure
of molecules such as proteins or nucleic acids!®. It allows visualization of three-
dimensional structure of proteins at the atomic level by showing how proteins interact with
each other and their conformational states, providing insight at the level of residues and
enabling understanding of protein function'6* 187 However, proteins can undergo multiple
conformational changes®’. Once they are crystallized, itis only possible to visualize one
conformation. Therefore, it is not possible to predict different conformational variations of
proteins in their natural physiological environment in vivo'®’. Another limitation is that

membrane proteins are not easy to crystallize since they can be precipitated out of

47



solution. Membrane proteins can be solubilized by using detergents, however detergents
often affect their folding and stability in the crystall®,

Some limitations of X-ray crystallography can be fixed by NMR spectroscopy, which
is also used to determine protein structures at high-resolution'®. NMR consists of the
absorption of electromagnetic radiation at distinct frequencies by magnetically active
nuclei in a strong magnetic field'®. The chemical environment of each nucleus
determines the distinct frequencies, which depend on atoms bound to the nucleus and
the environment dynamics!®. This technique offers many advantages. It is a powerful
approach to determine PPIs in physiological or near-physiological environments. It also
provides information for weak interactions (Kd > 100 uM) at the atomic level. However, it
is not possible to study protein complexes with higher molecular weights, more than ~80-
90 kDal%,

Protein-fragment complementation consists of fusing each of the interacting proteins
to complementary N- or C- terminal peptides of a reporter protein which is properly
dissected!%4 %1, When two proteins interact with each other, complementary fragments
of the reporter protein are brought into proximity. This allows them to fold together by
reconstituting the reporter activity. Different reporters such as luciferase, GFP, cytosine
deaminase or dihydrofolate reductase have been employed for protein-fragmentation
complementation assays!9%. This technique enables the study of PPIs in vivo and in vitro.
However, large tags may impair protein function or stability. PPIs investigated with
fluorescent reporters may not be properly detected if the abundance of complexes is low

to reconstitute a sufficient number of fluorescent proteinst9?,
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1.3.2. BiolD: a proximity-based and powerful PPl method

1.3.2.1. Overview of the BiolD method

BiolD (proximity-dependent biotin identification) is a powerful proximity-based
approach to identify PPIs. BiolD consists of fusing a mutant form of E. coli biotin-ligase,
BirARL18G (called BirA*), to a protein of interest (Fig. 13). It was developed based on the
E. coli biotin-ligase (BirA). BirA is a 35 kDa protein, which functions as both an enzyme
and a DNA-binding protein, that is responsible for the covalent attachment of biotin to
proteins!9% 193 This reaction occurs in two steps. In the first step, BirA catalyzes the
formation of biotinoyl-5’-AMP (called bioAMP) in the presence of biotin and ATP. This
intermediate product remains bound within the BirA active site. In the second step,
biotinoyl-5’-AMP reacts with the nucleophilic e-amino group of a specific lysine residue of
a biotin-acceptor protein92 193, Kwon and Beckett identified a couple of BirA mutants
which have impaired enzymatic function'%4. Choi-Rhee et al. demonstrated that the
BirARM18G mutant shows higher levels of self-biotinylation activity in vivo than other BirA
proteins. They showed that activated biotin is released from the catalytic site of BirA* and
it induces proximity-dependent non-specific biotinylation of neighboring proteins®.
These results were later supported by another study!%. Although Choi-Rhee et al.
suggested that this system might be used to identify PPIs in living cells by fusing BirA* to
a protein of interest, nobody employed this technique until 2012195-1°97, While some groups
developed proximity-based techniques, none of these approaches have been largely

adopted since they were less efficient than BiolD1%. Roux et al. revolutionized the PPIs
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methods by employing BiolD first time in living cells and identified proximal and interacting
proteins of the human Lamin A (LaA), a component of the nuclear envelope®2. They
uncovered many candidates that are known interactors of LaA as well as unknown
binding partners. For example, they identified an uncharacterized protein as a novel

constituent of the nuclear envelope, which they have named SLAP751%2,
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Fig. 13 | Comparison between the BiolD and traditional AP-MS methods.

Reprinted by permission from [Elsevier]: [Journal of Proteomics]: [Proximity biotinylation
and affinity purification are complementary approaches for the interactome mapping of
chromatin-associated protein complexes, Jean-Philippe Lambert, Monika Tucholska,
Christopher Go, James D.R. Knight and Anne-Claude Gingras]: [Elsevier: All rights
reserved]. (2015)
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BiolD offers unprecedented advantages compared to traditional AP-MS methods.
Unlike traditional Flag (or another tag-based) AP-MS methods, it takes its power from
proximity-dependent biotinylation. Activated biotin is highly reactive and non-specifically
biotinylates proximal proteins. The labeling radius of BiolD is thought be about 10 nm
around the BirA*-tagged protein of interest!®® 200, Bjotinylated-protein can be purified
using Streptavidin-coated beads, trypsin-digested and identified by MS. BiolD enables
identification of more interacting partners than AP-MS. For example, Lambert et al.
analyzed histone interaction partners and compared BiolD with AP-MS29, BiolD enabled
identification of much more significant interacting partners compared AP-MS. A low
number of binding partners were identified by both approaches???. BiolD facilitates
identification transient and weak interactions in living cells since biotinylation occurs prior
to solubilization. Biotinylation is a covalent modification so there is no need to maintain
PPIs. Therefore, proteins can be fully solubilized in most stringent conditions such as
using RIPA buffers or lysis buffers containing 2% SDS or 500 mM NaCl'®8, This removes
contaminant proteins that are detected in traditional AP-MS1%8, Although crosslinking of
proteins also enables proximity-based labeling, crosslinking does only provide a snapshot
of protein proximity while BiolD provides a complete history of transient protein
interactions that occurred over a given period of time in a natural cellular environment1°8,
BiolD enables identification of insoluble proteins such as integral membrane proteins or
intermediate filament proteins, which is not easy to study by traditional AP-MS methods

or Y2H198,
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Proximity labeling with Ascorbate Peroxidase (APEX) is another proximity-based
approch that takes advantage of biotin, similarly to BiolD. APEX generates biotin-
phenolxyl radicals that reacts with amino acids such as Tyr, Trp, His or Cys2%3, The main
disadvantage of APEX is that these radicals are dramatically short lived (<1 ms)
compared to that of biotin-adenylate ester, which has a half-life of minutes, rendering
BiolD more advantageous than APEX in terms of labeling time period24.

Like many approaches, BiolD has its own limitations. BirA* tag is about 35 kDa
and might compromise the function and localization of the protein of interest. Biotin
labeling requires very long incubation times, from 6 hours to 24 hours, in order to
accumulate a sufficient number of biotinylated proteins2%4. Covalent modification of lysine
residues of primary amino groups by biotinylation might affect the function of labeled
interacting proteins from further PTMs. In addition, some biotinylated proteins might be in
the proximity of the protein of interest without physically interacting, causing false positive
protein identifications. Many BiolD studies demonstrated that the use of experimental
controls such as BirA*, BirA*-GFP, BirA*-GFP with NLS or CAAX motifs significantly

reduce the number of false positive protein identifications or non-specific biotinlabeling2°®:

205-209

1.3.2.2. Exploitation of BiolD for PPI

Traditional BiolD has been successfully applied in mammalian cells and other
systems. Roux et al. identified over 120 interacting partners in HEK293 cells for LaA, a

key member of the nuclear lamina, including previously-reported LaA interactors such as
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LAP1, LAP2, MAN1 and emerin'®% 205 Roux and colleagues has also applied BiolD to
uncover novel members of the nuclear pore complex (NPC) in HEK293 cells9. They
identified well-known NPC components as well as novel interacting partners. Expression
and biotinylation of Flag-BirA*-CEP120 in HEK293 cells identified many centrosome
proteins such as SPAP, SPICE1, CEP55, CEP59 and unknown interactions?0, In
addition, Pelletier and colleagues carried out BiolD on 58 proteins and provided the most
comprehensive interactome analysis of the human centrosome-cilium interface?,
Another study identified proteins that are involved centriole duplication?!!. BiolD has also
been applied to cell junction proteins such as ZO-1, E-cadherin, Occludin, Claudin-4,
MarvelD3 and a-catenin?0> 212-216  Applications of BiolD also include proteins that are
involed in autophagy, signaling pathways such as Hippo pathway, nonsense-mediated
MRNA decay, ubiquitin-mediated proteolysis, mitochondrial proteolysis, oncogenic
transcription factors, mRNA-associated granules and bodies and others205-207, 217-223

Recently, an upgraded version of BiolD have been developed. Roux and
colleagues established BiolD2, by using a smaller BirA promiscuous biotin ligase from A.
aeolicus, about 27 kDa??4. They showed that BiolD2 improved localization of its fusion
protein and is functionally comparable to BiolD?24, BiolD2 allows more selective targeting
of the bait and displays increased labeling of proximal proteins, as it has been
successfully employed for Nup43, a constituent of the nuclear pore complex224.

BiolD has been successfully integrated with the protein-fragment complementation
method to establish Split-BiolD%%°. This technique consists of fusing two inactive
fragments of BirA*, N-terminal and C-terminal fragments (NBirA* and CBirA*,

respectively), with FK506-binding protein (FKBP) and FKBP-rapamycin-binding domain
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(FRB). Similarly, to other protein-fragment complementation approaches, FKBP and FRB
interact with each other in the presence of rapamycin, which bring N-terminal and C-
terminal of BirA* into proximity. This allows BirA* folding and reconstitutes the reporter
activity. During cell cycle, the G2/M transition-regulating protein phosphatase Cdc25C
binds 14-3-3¢ upon phosphorylation at Serine 216. Schopp et al. showed that transient
NBirA*-14-3-3¢/CbirA*-Cdc25CWT expression in the presence of rapamycin exhibited
significantly higher biotinylation levels compared to that of NBirA*-14-3-3¢/CbirA*-
Cdc25CS?16A or NBirA*-GFP/CbirA*-Cdc25CWT, demonstrating the reliability of the Split-
BiolD approach??>, By using Ago2/Dicer and Ago2/TNRC6C split-BiolD samples, the
same group identified known-components of miRNA-induced silencing complex (miRISC)
such as TNRC6A, TNRC6B, CNOT1, CNOT4, PABPC1 and XRN1225, These data
suggested that Split-BiolD can be used as a powerful tool to reveal the proteomes of
distinct protein complexes that are organized in a spatiotemporal manner?22,

Recently, another version of BiolD has been developed and termed TurbolD??6. Two
promiscuous mutants of the E. coli biotin ligase, TurbolD (~35 kDa) and miniTurbo
(~28kDa) have been generated. Both mutants are about 7-26 fold more active than BirA*,
allowing biotin labeling of proximal proteins in about 10 minutes instead of ~6-24 hours.
The study suggested that a one hour of TurbolD assay produces more biotinylated
proteins than that of 18 hours of BiolD??6. TurbolD might be useful to monitor
spatiotemporal proteome of ligand-treated cell surface receptors such as GPCRs or RTKs

for drug screening.
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1.4. Rationaleand objectives

Historically, most studies on the Rho GTPase signaling pathways are relied on
traditional PPIs methods such as biochemical assays, FRET- or BRET-based techniques,
Y2H, AP-MS or other approaches. These studies paved the way for the identification and
characterization of well-known Rho GTPase effectors and complexes such as the WAVE
complex, the WASP complex, PAK, Rock and many others. Most of these studies focused
on a single Rho GTPase-effector signaling networks, rather than globally covering the
whole Rho GTPase network and interactome. The regulation of Rho GTPases and
recruitment of their effectors often require weak or transient interactions that occur in a
spatiotemporal manner in living cells, making their identification and characterization of
signaling networks by traditional AP-MS based or other approaches challenging. There
are most likely many effectors to be uncovered. Furthermore, GEF-Rho and GAP-Rho
interactions have not been mapped in detail and how GEFs or GAPs achieve specific
targeting of Rho GTPase-effector signaling couples have not been well investigated.
GEFs and GAPs can regulate many Rho GTPases and this highly complex problematic

Is not yet understood.
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In the recent years, BiolD has emerged as the powerful approach of choice to
characterize PPIs in living cells, in mice or other models. This method offers
unprecedented advantages compared to all other known traditional PPIs methods in
terms of efficiency, complexity or cost. We reasoned that BiolD can be apply to Rho
GTPases family of proteins to reveal their signaling pathways, uncovering novel effectors

or regulatory proteins. The objectives of my thesis are the following:

1) To reveal the Rho GTPase interactome at large scale by BiolD, uncovering
novel Rho effectors and showing selective GEF-Rho or GAP-Rho interactions and
specificity.

2) To characterize BiolD-identified Rho GTPase effectors, elucidating their
molecular mechanisms or biological functions in Rho GTPase-mediated signaling

pathways.
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CHAPTER2: MATERIALS AND METHODS
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2.1. Antibodies

The antibodies used in immunoblotting are the following: GST (1:1000; B-14, sc-
138, Santa Cruz), Flag-HRP (1:8000; A8592, Sigma-Aldrich), p-ERM (1:2000; 3726S,
Cell Signaling), ERM (1:2000; 3142S, Cell Signaling), p-SLK (T183) (1:1000; gift from Dr.
Andrey Cybulsky, McGill University??’), SLK (1:1000; gift from Dr. Luc Sabourin, Ottawa
Hospital Research Institute228), Myc (1:1000; 9E10, sc-40, Santa Cruz), GAPDH (1:5000;
FL-335, sc-25778, Santa Cruz), Tubulin (1:10000; T5168, Sigma-Aldrich), Calnexin
(2:2000; H-70, sc-11397, Santa Cruz), KIAA0355 (1:6000; custom made, anti-peptide
sequence is VPEKKNSGSGGGLC, GenScript), mouse anti-rabbit secondary IgG-HRP

(1:10000; sc-2357, Santa Cruz), goat anti-mouse secondary (1:5000; A4416, Sigma-

Aldrich).

The antibodies used in immunofluorescence are the following: Hoechst (33342,
Invitrogen), SlowFade Gold Antifade Mountant with DAPI(S36938, Thermo Fisher), Alexa
Fluor 633 Phalloidin (A22284, Thermo Fisher), Mouse anti-Flag (F3165, Sigma-Aldrich),
chicken anti-mouse Alexa Fluor 488 (A-21200, Thermo Fisher), goat anti-rabbit Alexa
Fluor 568 (A-11011, Thermo Fisher), SLK (1:1000; gift from Dr. Luc Sabourin, Ottawa
Hospital Research Institute), p-SLK (T183) (1:1000; gift from Dr. Andrey Cybulsky, McGill

University).
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2.2. Plasmids

Human Rho GTPAses, mostly in their constitutively active forms, in pDONR221
entry vectors generated previously in our laboratory??® were cloned into pcDNA5-pDEST-
FRT-BirA*-Flag destination vectors by using the Gateway® cloning system. For RhoBTB1
or RhoBTB2, only the GTPase domain was cloned into pcDNA5-pDEST-FRT-BirA*-Flag.
PDONR221-SLK and pDONR221-SLKKE3R constructs were kindly provided by Dr. Arnaud
Echard (Institut Pasteur). pEZYFlag and pEZY3 were gifts from Yu-Zhu Zhang (Addgene
plasmids #17800 and #18672). mOrange-C1 was a gift from Dr. Michael Davidson
(Addgene plasmid #54680). mOrange-Rac1WT and mOrange-Racl1®?V expression
vectors were generated via 2-fragment Gateway® MultiSite recombination. pCMV-CFP-
PLEKHGS3 plasmid was a gift from Dr. Won Do Heo (Korea Advanced Institute of Science
and Technology). Flp-In T-REx HeLa cell line was a gift and generated by Dr. Stephen
Taylor (University of Manchester)230, The expression vectors generated by Gateway®
cloning system which were used for functional assays are shown in the table below

(Table. 2)
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Entry Destination Expression Expression
Vector(s) Vector
Vector Type

pDONR221-RhoAG4Y pDEST27 pDEST27-GST-RhoAG4Y Mammalian

pDONR221-Rac 1612V pDEST27 pDEST27-GST-Rac1¢12V Mammalian

pDONR221-Cdc 42612V pDEST27 pDEST27-GST-Cdc42612v Mammalian

pDONR221-SLK pcDNA5-pDEST- | pcDNA5-pDEST-FRT-3xFlag-SLK Mammalian
FRT-3xFlag

pDONR221-SLKK83R pcDNAS5-pDEST- | pcDNA5-pDEST-FRT-3xFlag-S LKKE3R Mammalian
FRT-3xFlag

pDONR221-SLK1-338 pcDNA5-pDEST- | pcDNA5-pDEST-FRT-3xFlag-S1LK?1-338 Mammalian
FRT-3xFlag

pDONR221-SLK339-788 pcDNA5-pDEST- | pcDNA5-pDEST-FRT-3xFlag-S LK339- Mammalian
FRT-3xFlag 788

pDONR221-SLK789-1205 pcDNA5-pDEST- | pcDNA5-pDEST-FRT-3xFlag-S LK789- Mammalian
FRT-3xFlag 1205

pDONR221-SLK1-788 pcDNA5-pDEST- | pcDNA5-pDEST-FRT-3xFlag-SLK1-788 Mammalian
FRT-3xFlag

pDONR221-SLK1-996 pcDNA5-pDEST- | pcDNA5-pDEST-FRT-3xFlag-S LK1-9% Mammalian
FRT-3xFlag

pDONR221-SLK1-1100 pcDNA5-pDEST- | pcDNA5-pDEST-FRT-3xFlag-SLK1-1100 | Mammalian
FRT-3xFlag

pDONR221-RhoAWT pcDNA5-pDEST- | pcDNA5-pDEST-FRT-3xFlag-RhoAWT Mammalian
FRT-3xFlag

pDONR221-RhoAG14vY pcDNA5-pDEST- | pcDNA5-pDEST-FRT-3xFlag- Mammalian
FRT-3xFlag RhoAC14vV

pDONR221-Rac 1WT pcDNA5-pDEST- | pcDNA5-pDEST-FRT-3xFlag-Rac 1WT Mammalian
FRT-3xFlag

pDONR221-Rac 1612V pcDNAS5-pDEST- | pcDNA5-pDEST-FRT-3xFlag-Rac 1612V | Mammalian
FRT-3xFlag

pDONR221-KIAA0355 pcDNA5-pDEST- | pcDNA5-pDEST-FRT-3xFlag- Mammalian
FRT-3xFlag KIAA0355

pDONR221-KIAAQ 3554240 pcDNA5-pDEST- | pcDNA5-pDEST-FRT-3xFlag- Mammalian

480

FRT-3xFlag

KIAAQ355A240-480
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pDONR221-RhoAG14Y pCS-pDEST- pCS-pDEST-6xMyc-RhoAG14Y Mammalian
6xMyc

pDONR221-KIAA0355 pCS-pDEST- pCS-pDEST-6xMyc-KIAA0355 Mammalian
6xMyc

pDONR221-RhoAGI4V pTH35-pDEST- | pTH35-pDEST-GS T-RhoAG14V Bacterial
GST

pDONR221-Rac 1612V pTH35-pDEST- pTH35-pDEST-GS T-Rac1612V Bacterial
GST

pDONR221-RhoGWT pTH35-pDEST- | pTH35-pDEST-GST-RhoGWT Bacterial
GST

pDONR221-RhoG¢12v pTH35-pDEST- pTH35-pDEST-GST-RhoGC12v Bacterial
GST

pDONR221-PLEKHG3 pEZYflag pEZYflag-PLEKHGS3 Mammalian

pDONR221-L1-mOrange- pEZY3 pPEZY3-mOrange-Rac1WT Mammalian

L5r

pDONR221-L5-Rac1WT-L2

pDONR221-L1-mOrange- pEZY3 PEZY3-mOrange-Rac1612V Mammalian

L5r

pDONR221-L5-Rac1612V-

L2

Table 2 | Expression vectors used for functional assays.

2.3. Generation of KIAA0355-nullcell lines by CRISPR/Cas9

To generate Flp-In T-REx HelLa cells with a deletion in the KIAA0355 genomic locus,
we used a CRISPR/Cas9 approach described by Ran et al?.. with the following

modifications. We designed 2 sets of 2 gRNAs to engineer precise deletion inthe Exon 2
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of KIAA0355 using the CRISPR design webtool (http:/tools.genome-engineering.org).

The primers were as follows:
CACCGTCGGCGATAGGAGTAGTGT-3';
AAACACACTACTCCTATCGCCGAC-3';
CACCGCTCAGGCATCGGGTATTGC-3’;

AAACGCAATACCCGATGCCTGAGC-3;

CRISPR

CRISPR

CRISPR

CACCGTATGGCCGAGGTCAGCCGAC-3

AAACGTCGGCTGACCTCGGCCATAC-3;

CACCGTGGCACGGCAGAAGACGTTC-3;

CRISPR

CRISPR

CRISPR  KIAA0355
CRISPR

CRISPR  KIAA0355

KIAAO0355

KIAA0355

KIAAO0355

KIAA0355

KIAA0355

KIAA0355

Forward-1:

Reverse-1:

Forward-2:

Reverse-2:

Forward-3:

Reverse-3:

Forward-4:

Reverse-4:

5-

AAACGAACGTCTTCTGCCGTGCCAC-3'. Each gRNA (ordered from IDT) was clone into

pSpCas9(BB)-2A-GFP (Addgene plasmid #48138) and insertions were verified by DNA

sequencing. HelLa cells (6-well plates; 80% confluency) were transfected with 2.5 ug of

each pair of gRNAs using Lipofectamine 3000 for 48 hrs. GFP-positive cells were then

cloned as single cells in 96-well plates by FACS (IRCM flowcytometry core facility).

Following expansion of the clones, genomic DNA was extracted using the Direct Lysis

PCR reagent (302-C, Viagen). Each clone was analyzed for deletion in the KIAA0355

genomic locus by PCR using the following genotyping primers: Genotyping KIAA0355

Forward-1: 5-GCCCAGGACAGTAAAATGGA-3’; Genotyping KIAA0355 Reverse-1: 5'-

AAGTACTGGCACGGCAGAAG-3; Genotyping

TACTCCTATCGCCGACATCC-3'; Genotyping

KIAA0355

KIAA0355

Forward-2:

Reverse-2:

5-

5-

TGTCCTGGAGACTGAATTCCT-3'. Positive clones were further expanded and frozen

until used for protein-protein interaction experiments.
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2.4. Cellcultureand generation of stable cell lines

Stable Flp-In T-REx HEK293 or Flp-In T-REXx HelLa cell lines expressing BirA*-Flag
tagged Rho GTPases or other constructs were generated as mentioned elsewhere?32,
Briefly, Parental Flp-In T-REx HEK293 or Flp-In T-REx HelLa cells were grown inregular
medium (DMEM medium supplemented with 10% (vol/vol) heat-inactivated fetal bovine
serum (FBS) and 1% penicillin/streptomycin (450-201-EL, Wisent)). Cells were plated into
6-well dishes and were at ~75-85% confluency prior to transfection. 2 pg of pOG44 and
500 ng of expression vector were transfected using Lipofectamine 2000 (11668019,
Thermo Fisher) according to the manufacturer's instructions. Next day, cells were
trypsinized and transferred into 10-cm dishes in regular medium. 24 hours later, regular
medium was replaced with selection medium (DMEM medium supplemented with 10%
(volivol) heat-inactivated FBS, 1% penicillin/streptomycin and 200 pg/ml Hygromycin B
(400052-Calbiochem)). Selection medium was replaced every 3-4 days for Flp-In T-REx
HEK?293 cells and 2-3 days for Flp-In T-REx HelLa cells. Isolated clones of ~1-2 mm in
diameter were observed after 12-15 days for Flp-In T-REx HEK293 cells and 9-11 days
for Flp-In T-REx HelLa cells. Isolated clones were trypsinized and replated into 6-cm or

10-cm plates depending on their number and size.
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2.5. BiolDand MS dataanalysis

BiolD experiments were performed as described elsewhere, with modifications2°°:
218 Briefly, Flp-In T-REx HelLa or HEK293 cells expressing BirA*-Flag tagged Rho
GTPases or controls (Empty Vector, BirA*-Flag-EGFP or BirA*-Flag-EGFP-CAAX) in a
tetracycline-inducible manner in two 15-cm plates were treated with with 1 pg/ml
tetracycline (TET701.10, Bioshop) and 50 uM biotin (BB0078, Bio Basic) for 24 h. Similar
BiolD assay and MS data analysis were carried out as described previously20%. 218,
Following 24 h of tetracycline and biotin treatment, ~90-95% confluent cells were washed
3 times with PBS and kept at -80°C. Thawed cell pellets were lysed in 1.5 ml of RIPA
buffer supplemented with PMSF (P7626-1G, Sigma-Aldrich), 1 M DTT (15508013,
Thermo Fisher) and protease inhibitor (P8340, Sigma-Aldrich) and transferred into 2 ml
eppendorfs (72.695.500, Sarstedt). 1 pl of benzonase was added into each lysate. They
were then sonicated for 30 sec at 30% amplitude with 10 sec bursts with 2 sec breaks in
between, repeated 3 times. Following centrifugation for 30 min at maximum speed at 4°C,
~20-40 pl of supernatant were stored to monitor protein expression and biotinylation by
immunoblotting. 70 ul of pre-washed streptavidin beads (17-5113-01, 5 ml, GE Healtcare)
was incubated with each of the remaining lysate for 3 h on a rotator in cold room. Samples
were then centrifuged for 1 min at 2000 RPM at 4°C. The supernatant was removed and
beads were washed in RIPA buffer. Beads were washed in RIPA buffer 2 times more.
Beads were then resuspended in 50 mM Ammonium Bicarbonate (ABC) (AB0032, 500G,

Biobasic) and centrifuged for 1 min at 2000 RPM at 4°C. The washing step with ABC was
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repeated 2 times more. Beads were then resuspended in 100 pl of 50 mM ABC and 1 ug
of trypsin (T6567-5x20ug, Sigma-Aldrich) resuspended in 20 mM Tris-HCI, pH 8.0 was
added into each sample prior to ~15-16 h of trypsin digestion at 37°C on a rotator. The
following day, samples were trypsin-digested again for additionnal 2h. Following the
second trypsin digestion, samples were centrifuged for 1 min at 2000 RPM at RT.
Supernatants were transferred into new 1.5 ml eppendorfs, beads were washed 2 times
with 100 ul of water (8801-7-40, 4L, Caledon), pooled with the collected supernatant and
formic acid (94318-250ml, Sigma-Aldrich) was added into each solution for a final
concentration of 5%. Samples were then centrifuged for 10 min at maximum speed at RT,
supernatants were transferred into new 1.5 ml eppendorfs and drired in a SpeedVac for
3h at 30°C. Samples were resuspended in 15 pl of 5% formic acid and kept at -80°C.
Samples originated from Flp-In T-REx HEK293 and Flp-In T-REx HelLa cell lines were
injected into Orbitrap Velos (Thermo Fisher) and Orbitrap Q Exactive (Thermo Fisher)
Mass Spectrometers, respectively. ProHits was used to analyze BiolD-MS data?33. RAW
files were converted in . mzXML format by Proteowizard?3*. Peptide search was carried
out by using Comet235> and Mascot (Matrix Science) search engines by using the Human

RefSeq Version 57 and processed through iProphet236.
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2.6. Protein networkand interactome analysis

Protein network and interactome analyses were carried out by using Cytoscape, as
described elsewhere, with few modifications23”- 238, The SAINT file generated in ProHits
was imported into Cytoscape. The protein-protein interaction data from IntAct was
imported and merged with the BiolD data23®. MCL cluster was used to generate protein
clusters or complexes2%. Significance Analysis of INTeractome (SAINT) files were
processed in ProHits-viz to perform dot plot analyses?41. Only interactions with a Bayesian
False Discovery Rate (BFDR)<0.01 were taken into consideration and defined as high
confidence. Functional annotation was carried out by using Gene Ontology (GO) terms.
Protein networks illustrating the cellular components or biological processes were

generated using SAFE?42,

2.7. Coimmunoprecipitation or GST pulldown

Interaction between SLK and active RhoA is validated by GST pulldown. Flp-In T-
REx HelLa cells expressing Flag-SLK or Flag-SLKK®3R in a tetracycline-inducible manner
were transfected with either GST, GST-RhoA®V, GST-Rac1%?V, GST-Cdc42%12Y or with
GST, GST-RhoAWT, GST-RhoAGV, After two days of transfection, cells were treated with
1 pg/ml of tetracycline for 24 h. Cells were then lysed in CHAPS buffer (30 mM Tris-HCI
pH 7.5, 150 mM NaCl, 5 mM MgCl2 and 1% CHAPS) and subjected to GST pulldown

using GST beads (L00206-10ml, GenScript). After 3h of GST pulldown, beads were
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washed three times in CHAPS buffer. Proteins were denatured and subjecteded to SDS-
PAGE. The precipitated proteins or expression levels were analyzed by immunoblotting
with anti-Flag M2-HRP and mouse anti-GST antibodies.

Interaction between KIAA0355 and active Racl is validated by co-
immunoprecipitation or GST pulldown. For validation by co-immunoprecipitation, Flp-In
T-REx HEK293 cells expressing Flag-Rac1WT or Flag-Rac1¢2V in a tetracycline-inducible
manner were transfected with Myc-KIAA0355. After two days of transfection, cells were
treated with 1 pg/ml of tetracycline for 24 h. Cells were then lysed in CHAPS buffer and
subjected to co-immunoprepitation using Flag-M2 agarose beads (A2220, Sigma-Aldrich)
for 3 h. After co-immunoprecipitation, beads were washed three times in CHAPS buffer,
proteins were denatured and subjected to SDS-PAGE. The precipitated proteins and
expression levels were analyzed by immunoblotting with mouse anti-Myc and anti-Flag
M2-HRP. To validate endogenous KIAAQ355 interaction with active Racl, Flp-In T-REX
Parental HeLa cell lines were co-transfected with Empty Vector, Flag-Rac1WT, Flag-
Racl1®?V or Flag-Racl1®'?V together with Scrambled (siCtrl) or ON-target SmartPool
KIAA0355 siRNA (siKIAA0355) and Flp-In T-REx HelLa KIAA0355 cell lines generated
via CRISPR/Cas9 (#6, #7 and #9) were transfected with Flag-Rac1¢12V, After three days
of transfection, cells were lysed in CHAPS buffer and subjected to co-immunoprecipitation
using Flag-M2 agarose beads for 3 h. Following co-immunoprecipitation, beads were
washed three times in CHAPS buffer, proteins were denaturated and subjected to SDS-
PAGE. The precipitated proteins and expression levels were analyzed by immunoblotting
with rabbit anti-KIAA0355 (custom made, GenScript, see Antibodies section), anti-Flag-

M2-HRP or mouse anti-Tubulin antibodies. For validation by GST pulldown, GST or GST-

67



Rac1G?V proteins expressed in bacteria were purified on Glutathione Resine (L00206,
GenScript) as described elsewhere??® and incubated for 3h with lysates of Flp-In T-REx
HelLa cells expressing Flag-KIAA0355 or Flag-KIAA03554240-480 The precipitated proteins
and expression levels were analyzed by immunoblotting with mouse anti-Tubulin and anti-
Flag-M2-HRP or Coomassie.

Interaction between PLEKHG3 and active RhoG is validated by GST pulldown.
Hela cells were transfected with Flag-PLEKHG3 for 2 days, lysed in CHAPS buffer. GST,
GST-RhoGWT or GST-RhoG®?V proteins expressed in bacteria were purified on
glutathione-Sepharose beads were incubated with cell lysates for 3 h. The precipitated
proteins and expression levels were analyzed by immunoblotting with mouse anti-Flag-

M2-HRP or Coomassie.

2.8. Immunofluorescence and microscopyanalysis

For IF analysis of BirA*-Flag tagged Rho GTPases, Flp-In T-REx HelLa cells
expressing controls (Empty Vector, BirA*-Flag-EGFP or BirA*-Flag-EGFP-CAAX) or Rho
GTPases, mostly intheir constitutively active forms, were induced with tetracycline for 24
h on glass coverslips. Cells were gently washed with phosphate-buffered saline (PBS),
fixed with 4% paraformaldehyde (PFA)in PBS for 15 min, washed 2 times with PBS, 0.1%
Triton X-100 (PBST) for 10 min each for permeabilization and incubated in blocking
solution PBST, 1% bovine serum albumin (PBST/BSA) for 1h at RT. Cells were then
incubated with an anti-Flag M2 primary antibody (except BirA*-Flag-EGFP or BirA*-Flag-

EGFP-CAAX)in PBST/BSA overnight in a humidity chamber in cold room. The following
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day, cells were washed 3 times in PBS and incubated with a chicken anti-mouse Alexa
Fluor 488 secondary antibody for 90 min at RT. Cells were washed 3 times in PBS and
incubated with an Alexa Fluor 633 Phalloidin for 90 min at RT, washed 3 times in PBS
and incubated with Hoechst in PBS. Cells were washed 3 times in PBS and the coverslips
were mounted with Mowiol and sealed using nail polish. Images were taken on a Zeiss
LSM710 confocal microscopy (Carl Zeiss) and analyzed using the Zen 2009 (Carl Zeiss)
or ImageJ software.

For KIAAO355 colocalization with active Racl, Flp-In T-REx HelLa cells expressing
Empty Vector or Flag-KIAA0355 in a tetracycline-inducible manner were co-transfected
with mOrange, mOrange-Rac1WT or mOrangeRac1%'?V for 2 days. Cells were then plated
on glass coverslips for 24 h in the presence of tetracycline. Similar IF procedure was
performed as mentioned above, with modifications. Cells were incubated with a mouse
anti-Flag M2 antibody. Images were taken on a DM6 fluorescence microscopy (Leica)
and analyzed using the ImageJ software.

For RAC1-KIAAO0355 IF experiments, Flp-In T-REx HelLa cells expressing Flag-
Racl1G?V in a tetracycline-inducible manner were co-transfected with siCTRL or
siKIAA0355 for 2 days in 6-cm plates. Co-transfected Flag-Rac1¢'2V and Flp-In T-REx
HeLa cells expressing controls (Empty Vector, Flag-Rac1WT), non-transfected (NT) Flag-
Rac1C2V  Flag-KIAA0355 or Flag-KIAA03552240-480 cells were plated on glass coverslips
overnight in the presence of tetracycline. Similar IF procedure was performed as
mentioned above.

For SLK colocalization experiments, Flp-In T-REx HelLa cells expressing Empty

Vector, Flag-RhoAYT or Flag-RhoAG14V in a tetracycline-inducible manner were plated on
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glass coverslips overnight in the presence of tetracycline. Similar IF procedure was
performed as mentioned above, with modifications. The primary antibodies used are the
following: rabbit anti-SLK or rabbit anti-pERM and anti-Flag M2. The secondary
antibodies used are following: chicken anti-mouse Alexa Fluor 488 and goat anti-rabbit
Alexa Fluor 568. The coverslips were mounted with SlowFade Gold Antifade reagent with
DAPI. Images were taken on a DM6 fluorescence microscopy (Leica) and analyzed using
the ImageJ software.

For ERM phosphorylation experiments, Flp-In T-REx HelLa cells expressing Flag-
RhoAC14V in a tetracycline-inducible manner were transfected with siCTRL or siSLK for 2
days in 6-cm plates. 1 pg/ml of tetracycline was added into medium to induce Flag-
RhoACG14V expression for 24h. The following day, tetracycline-induced and siCTRL or
siSLK transfected cells and untreated controls (uninduced, untransfected) were plated on
glass coverslips overnight. Similar IF procedure was carried out as above, with
modifications. The primary antibodies used are the following: rabbit anti-pERM, mouse
anti-Flag M2. The secondary antibodies used are following: chicken anti-mouse Alexa
Fluor 488 and goat anti-rabbit Alexa Fluor 568. The coverslips were mounted with
SlowFade Gold Antifade reagent with DAPI. Images were taken on a DM6 fluorescence

microscopy (Leica) and analyzed using the ImageJ software.

2.9. Invitrokinaseassays

In vitro kinase assays were carried out as previously described?#3, with
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modifications. Briefly, Lysates of Flp-In T-REx Hela cells expressing the indicated
constructs were subjected to co-immunoprepitation using Flag-M2 agarose beads
(#A2220-1ml, Sigma-Aldrich) for 3 h. After co-immunoprecipitation, beads were washed
3 times in CHAPS buffer, 2 times in 2xKinase Reaction Buffer (KRB) (50 mM Tris-HCI,
pH7.5, 100 mM NaCl, 6 mM MgCl2 and 1 mM MnCl2), and resuspended in 15 pl of KRB
buffer supplemented with 2 mM DTT, 50 uM ATP, 1 mM Naz2VOs4, 5 mM NaF, 2.5 mM
sodium pyrophosphate and 100ul 10xPhosSTOP (04906845001, Roche) containing
purified and eluted GST or GST- GST-Ezrin*/9-585 from bacteria. The beads were
incubated for 1h at 30°C. Proteins were denatured and subjected to SDS-PAGE. The
phosphorylation and expression levels were analyzed by immunoblotting with the

indicated antibodies or by coomassie.

2.10. Cell migration assays

Boyden migration assays were performed as previously described?43, with
modifications. Tetracycline-treated Flp-In T-REx HelLa cells expressing Empty Vector,
Flag-KIAA0355, Flag-KIAA03554240-480 or Flp-In T-REx HelLa KIAA03557 cells
(KIAA0355 KO6, KO7 or KO9) generated via CRISPR/Cas9 were detached and harvest
with the following solution: 1x Hank’s balanced salt solution (HBSS), 25 mM HEPES pH
74,5 mM EDTA and 0.01% Trypsin. Cell pellets were washed 2 times in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 1% penicillin-streptomycin and 0.5%
BSA by centrifugation for 5 min at 1000 RPM between each wash. Cell pellets were

resuspended in 600 ul of DMEM supplemented with 1% PS. 75000 or 100000 cells were
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plated in the upper chamber in triplicate for each condition in the presence of serum-
starved DMEM. Cells were allowed to migrate through the Boyden Chamber (3422,
Corning) containing DMEM with or without 10% fetal bovin serum (FBS) for 6h or 16 h.
The lower side of Boyden Chambers is precoated or not, with fibronectin. Cells were fixed
in 4% PFA for 15 min. Leftover cells in the upper chambers were cleaned using cotton
swabs. Migrating cells were washed 3 times with PBS. The membrane was cut using a
blade, placed on a microscopy slide and mounted using SlowFade Gold Antifade reagent
with DAPI. Images were taken on a DM6 fluorescence microscopy (Leica).

Cell migration tracking experiments were carried out as previously described?44.
Briefly, the indicated cells were plated in 6 or 12-well plates and induced or not with
Tetracycline 24 h prior imaging. Nuclei were stained using NucRed reagent (R37106,
Thermo Fisher). Pictures were taken every 5 minutes for a course of 6h using a DM IRE2
microscope (Leica) with an automated stage (PECON) and images were acquired using
an Orca-ER Model C-4742 digital camera (Hamamatsu). Migration speed was quantified

using Volocity software (PerkinElmer Life and Analytical Sciences).

2.11. High-content imaging and microscopy analysis for siRNA

screening of active RhoG

Flp-In T-REx Hela cells expressing controls (Empty Vector, Flag-RhoG"T or
untransfected Flag-RhoGC¢12Y) or Flag-RhoG®!2V in a tetracycline-inducible manner were
transfected with a set of sSiRNAs against BiolD candidates for 2 days. Cells were plated

on Cellbind surface 96-well plates (3340, Corning) overnight in the presence of
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tetracycline. Similar IF procedure was performed as mentioned above, with modifications.
The primary antibody used is an anti-Flag M2 antibody. The secondary antibody used is
a chicken anti-mouse Alexa Fluor 488. Images were taken on a high-content microscopy
(ImageXpress, Molecular Devices) and analyzed using MetaXpress (Molecular Devices)
or ImageJ software. Membrane ruffles were quantified as described elsewhere245, with
modifications. ADAPT plug-in2*¢ for ImageJ was used for quantification. Briefly,
membranes ruffles were identified by Phalloidin staining that colocalized with Flag-
RhoG®'?V signal at the cell periphery. Flag or Phalloidin images in grayscale were opened
in ADAPT. ImageJ’s multi-point selector tool was used to select the cells in the Phalloidin
image. The Phalloidin image was selected for the cytoplasmic channel and the Flag
image was selected for the signal to be correlated. Auto Threshold and Generate Signal
Distribution functions were both selected. The Huang method was used for thresholding.

For the smoothing filter radius, a value between 1.0 and 2.0 was selected.

2.12. Statistics

Statistical analyses and quantification of all experiments were performed through
the GraphPad Prism Software (GraphPad Software) by using Student t test or one-way
ANOVA, followed by Bonferroni’s multiple comparison test. P values < 0.05 were

considered as significant for all analyses (*p < 0.05; **p <0.001; **p < 0.0001).
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CHAPTERS: DECIPHERING RHO GTPASE EFFECTORS AND RHO

GTPASE/GEF-GAP INTERACTIONS BY BIOID-PROTEOMICS
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3.1. A systematic BiolD analysis to uncover new effectors and
map Rho GTPase-GEF/GAP interactions

To better understand the signaling networks of Rho GTPases, uncover new
effectors and map Rho GTPase-GEFs/GAPs interactions, we performed a systematic
BiolD analysis on 20 human Rho GTPases. To do this, we exploited a previously
generated library of Gateway-system compatible pENTRY vectors encoding 84 human
GTPases, including the 20 human Rho GTPase family of proteins, mostly in their
constitutively active forms?2°. We recombined them into pDEST vectors to generate final
expression vectors, in which BirA*-Flag is systemically fused to the N-terminal of 20
human Rho GTPases. To ensure the stable, efficient and rapid expression of BirA*-Flag
tagged Rho GTPases, we generated human embryonic kidney (HEK) 293 or HelLa Flp-In

T-REXx cells. We then performed BiolD on both cell lines to identify common or cell-specific

interaction profiles.

We first verified by immunoblotting that BirA*-Flag-Rho GTPases are properly
expressed in Flp-In T-REx HEK293 or Flp-In T-REx HelLa cells (Figs. 14a and 14b).
Immunofluorescence staining of Flp-In T-REx HelLa cells stably expressing BirA*-Flag-
Rho GTPases in a tetracycline-inducible manner displayed expected cytoskeletal effects
(Fig. 14c). As expected, active forms of BirA*-Flag tagged Racl, Rac2, Rac3 or RhoG
induced membrane ruffling, BirA*-Flag-RhoAG14V stimulated the formation of stress fibers,
whereas BirA*-Flag-Cdc42G1?V led to the formation of filopodia. Moreover, expression of
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other BirA*-Flag tagged Rho GTPases showed distinct morphological changes such as
dorsal ruffles (BirA*-Flag-RhoBTB1), large clusters of filopodia (BirA*-Flag-RhoJ&4V),
round cells (BirA*-Flag-Rnd1WT) (Fig. 14c). These results showed that BirA*-Flag tagged

Rho GTPases are properly expressed and stimulate their associated characteristic

morphological changes.
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Fig. 14 | a, Inmunoblotting of lysates from Flp-In T-REx HEK293 cells expressing the
indicated constructs. b, Immunoblotting of lysates from Flp-iIn T-REx HelLa cells
expressing the indicated constructs. c. Representative IF images of BirA*-Flag-tagged
Rho GTPases. Empty Vector or BirA*-Flag-tagged constructs from Flp-In T-REx HelLa
cells are expressed upon tetracycline induction, fixed and stained for Hoechst (blue), Flag
or EGFP (green), Phalloidin (magenta) and analyzed with confocal microscopy (LSM710,
Zeiss) (scale bar: 10 pm).
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Following 24 hours of tetracycline induction and biotin treatment, we performed
BiolD in biological duplicates on Flp-In T-REx HEK293 or Flp-In T-REx HelLa cells (Fig.
15). We also performed BiolD on experimental controls that express Empty Vector (EV),
BirA*-Flag-EGFP or BirA*-Flag-EGFP fused to a CAAX motif to filter contaminants. In
addition to these experimental controls, we used BirA*-Flag-Rac1V", BirA*-Flag-
Cdc42WT, BirA*-Flag-RhoAWT or BirA*-Flag-RhoGWT that express wild-type forms of the
three most-studied Rho GTPases and that of RhoG to filter unspecific interactors, other
than effectors or regulatory proteins. The nucleotide-free forms of BirA*-Flag tagged

Racl, Cdc42, RhoA or RhoG were also used to further identify GEF interactions.

Bioti Bio-5-AMP .
(mﬁ:ce) E;.\.e) \ Streptavidin-coated beads J
| | | [ |
P \,,,.’
BirA® Rho nt —p BIrA* o —> . Rho* BIrA® | .
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« Data analysis / A
+ SAINT to filter contaminants
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Pot. Eff 1 —) 2 - + Functional characterization
Pot Eff 2 - in vitro kinase assay
Non-specific R .
PoL EIf3 Protein network and + domain mapping
Pot. Eff4 rotein network an « cell migration assay

GAP

interactome analysis
GEF

« functional siRNA screen

Fig. 15 | Schematic illustration of the experimental pipeline and expected outcome of
Rho GTPase BiolD screens. We performed BiolD on 20 human Rho GTPases (mostly in
constitutively active form) to gain insight into their protein networks, uncover new effectors
and map Rho GTPase-GEF/GAP interactions. We conducted SAINT analyses to filter
contaminants by using experimental controls. Our BiolD screens mostly identified
potential effector (Pot. Eff) or GAP interactions with constitutively active Rho GTPases
(Rho?®Y) or GEF interactions with nucleotide-free Rho GTPases (Rho"). Protein network
and interactome analysis carried out for each bait. Those analyses were supported by
different functional assays.
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3.2. BiolDrecoversknownRho GTPase effectorcomplexesand

biologically-relevant GO term profiles

We identified 10244 interactions with high confidence in our BiolD screens that we
carried out in Flp-In T-REx HEK293 cells and 14281 interactions in Flp-In T-REx HelLa
cells. 4900 overlapping interactions were detected in both cell lines (Fig. 16). We first
aimed to ask if our BiolD proximity screen captured well-known Rho GTPase effectors
reported in the literature. The members of the WAVE and GIT/PIX/PAK complexes were
among those were identified in Rac1©?V BiolD with high confidence score, recovering
major protein complexes that are involved in the formation of lamellipodia and focal
adhesion. Also, we identified the members of the WASP complex in Cdc42¢12V that are
essential for filopodia stimulation. Moreover, we recovered Diaphl, Diaph2, Diaph3,

Rock1, Rock? interactions that are known to be involved in RhoA-mediated stress fiber

dynamics.

80



5344 4900 9381

HEK293
Overlap
Hela

Focal Adhesion

Filopodia

PARVB-.. YCE-CTANAL
NHS. ITEB1 KN, 7/ CDH2 \ Gomy
' ! k / RHOGS™, _glioqom
SLCIAT. | WS EAIAR2
.

«S B .58
RHOJS® g2

WIPF3
WIPF1

eDC42¢

ARPC3 || ACTR3~7" '[/

A ACTC:WE2 B ]
PAK2 ‘

| ARHGEF6

PAKA";L ARHG#F?

GIT1-PIX-PAK

MPRIP
RHOBS! BDIAPH3
X i
DIAPH2 e
Ogten® ‘ @

A ROCK1 RHOGe™ |/
\

- = -y - -
RHOCS1' PIAPH1 | [ BRK1
ROCK2 ”

StreSS FiberS '_ RHO baits @ RHOpreys ® Nascentfocal adhesion Lame"'pOdla

Fig. 16 | BiolD recovers major Rho GTPase effector complexes that regulate
lamellipodia, focal adhesion, filopodia and stress fiber formation downstream of active
Racl, Cdc42 and RhoA subfamilies.

81



To gain insight into localization and biological events of Rho GTPase networks, we
investigated the significantly enriched cellular components and biological processes of
GO terms identified in BiolD screens of classical Rho GTPases (Fig. 17). The Rac
subfamily BiolD enriched cellular components which mostly localized to the lamellipodium
& WAVE/SCAR complex, actin filament and focal adhesion as expected. It also enriched
subcellular structures such as the mitochondrial inner chain complex and endosomal
membrane. Moreover, the Rac subfamily BiolD enriched proteins that are involved in a
variety of known biological processes such the regulation of GTPase signal transduction,
growth factor receptor signaling pathway, muscle contraction & muscle filament sliding,
PI3K signaling pathway and others. These data are consistent with previous reports on
Rac proteins. Racl is known to stimulate PI3K activation®. Rac2 has been shown to be
essential for the maintenance of mitochondrial integrity?*’. We also recovered preys with

biological processes, such as mRNA decay, that are not associated with Rac proteins.

The role of Rac proteins in mMRNA decay has not been well characterized.

The RhoA subfamily BiolD recapitulated cellular components that are found in the
heterotrimeric G-protein complex, endosome, the mitochondrial inner chain complex and
others, whereas the Cdc42 subfamily BiolD recovered cellular components that localized
to the lamellipodium & focal adhesion & actin cytoskeleton, cell-cell junction & catenin
complex and others (Fig. 17). The RhoD/RhoF subfamily BiolD enriched proteins that
localized to cellular components such as Actin & Arp2/3 complex, lamellipodium, cell-cell
junction & Zonula Adherens and others. The RhoA subfamily BiolD recovered proteins
that are involved in the regulation of GTPase signal transduction, but also in the nucleus

export disassembly & cellular regulation, vesicle fusion & regulation of protein to
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membrane and others. Similarly, the Cdc42 subfamily BiolD identified proteins that are
involved in the regulation of GTPase signal transduction as well as membrane
organization, phosphatidylinositol receptor signaling pathway and others. The
RhoD/RhoG subfamily BiolD enriched proteins that are implicated in the regulation of
GTPase signal transduction, PI3K receptor signaling pathway, membrane organization
and others. While we identified known biological processes such as the regulation of
GTPase signal transduction and membrane organization, we also enriched unknown
biological processes for these Rho GTPases. For example, it is unknown whether RhoD
or RhoF play a role in mitochondrial electron transport from NADH to ubiquinone. Our
findings might pave the way for revealing unknown roles of Rho GTPases in mitochondrial

electron transport or other mechanisms.
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Next, we analyzed GO cellular components and biological processes enrichment
profiles of atypical Rho GTPases identified in our BiolD screens (Fig. 18). We revealed
that the RhoBTB subfamily BiolD recovered cellular components that localized to the
COP9 Signalosome. We identified protein complexes inthe RhoBTB subfamily BiolD that
are involved in the nucleotide-excision repair damage or nuclear-transcribed mMmRNA
catabolic nonsense-mediated decay. These data are consistent with a previous report of
Manjarrez et al. which showed that RhoBTB2 forms a complex with Cullin3 and COP9
signalosome subunit 2 (COPS2)!41, Moreover, we recovered preys with unknown

biological processes for RhoBTB proteins. It is not known whether RhoBTB1 or RhoBTB2

are involved in nuclear-excision repair damage, which is one of the DNA repair systems.

The RhoH subfamily BiolD cellular components were mostly enriched in the
oligosaccharyltransferase complex & particle receptor recognition as well as phagocytic
vesicle & SNARE complex. The RhoH subfamily recovered preys that are implicated in
the regulation of Notch signaling pathway, vesicle fusion or phosphatidylinositol receptor
signaling pathway. It has been shown that RhoH is essential for proper T-cell receptor
(TCR) activation?*8, TCR complex/CD28 signaling modules can activate Notch signaling
for T cell proliferation and activation?4°. It is possible that RhoH contributes to activation

of Notch signaling via the TCR complex.

The Rnd subfamily BiolD recapitulated protein interactions that are mostly found in
the cytosolic particle receptor complex. We recovered Rnd preys that are involved in

MRNA catabolic decay, the Notch signaling pathway or phosphatidlyinositol signaling
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pathway. This is consistent with a previous study which showed that Rnd3-controlled lung
cancer cell proliferation is regulated via Notch signaling?°. The RhoU/V subfamily BiolD
enriched proteins that localized to the cytosolic small ribosomal subunit and cell-cell
junction. We recovered RhoU/V preys with biological processes such as the regulation of
small GTPase mediated signal, PI3K receptor signaling pathway and others. The role of

Rnd proteins and RhoU/V subfamily on mRNA decay has not been elucidated.
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3.3. BiolDreveals Rho GTPase-GEF/GAP interactions and

specificity

We next aimed to define GEF and GAP specificity toward Rho GTPases by BiolD.
We performed BiolD on nucleotide-free Rho GTPases to map GEF interactions. In
addition, Rho GTPases in their constitutively active forms have been used to reveal GAP

interactions.

Dock GEFs show specificity toward Racl and Cdc42, but not for RhoA2’. Dockl,
Dock2, Dock5, Dock3 and Dock4 activate Racl while Dock9, Dock10 and Dockll
achieve activation of Cdc42. Dock6, Dock7 and Dock8 can activate both Racl and
Cdc422’. However, some of these reports are conflicting. Watabe-Ushida et al. showed
that Dock7 binds to nucleotide-free Racl, Rac3 but not Cdc42 and RhoA?5L, In contrast,

Zhou et al. showed that Dock7 activates both Racl and Cdc42252,

Consistent with the literature evidence, we found that the nucleotide-free Racl,
Racl1CGA | significantly enriched Dockl, Dock4, Dock5, Dock6, Dock7 interactions in
HEK293 or HelLa cells (Fig. 19a and 19b) compared to the wild-type Racl (RaclWT).
Dock4 interaction was significantly enriched when we used the constitutively active form
of Racl (Rac1®'?V) as a bait. It is known that GEFs catalyze the release of the nucleotide
from small GTPases by affecting the nucleotide-binding site2%3. Thus, GEFs compete with

the nucleotide for GTPase binding, favoring nucleotide exchanges?>3. However, the GEF

88



catalytic activity is completely reversible. It has been suggested that once GTPases are
fully activated by GEFs and reach a theoretical maximum proportion, GEFs can be
inhibitory by an increase in the intermediate GEF-GTPase protein complexes?>4.
Therefore, GEFs can bind to GTP-loaded GTPases to catalyze the reverse nucleotide
exchange, from GTP to GDP?2%4, Consistent with this reversible GEF catalytic activity
model, we identified GEF interactions with Rac1¢12V such Dock4, ArhGEF7, Plekhg1l,
Plekhg2, Plekhg3, Plekhg4, Plekhg7, ArhGEF40 or Fgd6 in HEK293 or HelLa cells (Figs.
19a and 19b). Some of these GEFs, such as Dock4, ArhGEF7/B3-Pix/Cooll, Plekhgl,
Plekhg2/Slg, Plekhg3, Plekhg4, ArhGEF40/Solo, are already known to act as Racl
GEFs255-261 \Whether Plekhg7 or Fgd6, a known Cdc42 GEF, function as Racl GEFs has

not been shown.

Next, we examined Cdc42CG15A-GEF interactions. We identified known DockGEFs
for Cdc42 such as Dock6, Dock7, Dock9, Dock11 in both HEK293 and Hela cells. Dock8
interaction was recovered in HEK293 cells, while Dock10 interaction was identified in
HeLa cells. It is possible that these two Dock GEFs have different expression levels in
those cell lines. We also recovered known Dbl GEFs for Cdc42, which includes
DNMBP/Tuba, ArhGEF7, Vav2, Plekhg2, Plekhg3, Plekhg4, Mcf2l/ArhGEF14/Dbs/Ost,
ArgGEF16, Fgd6259-267, ArhGEF26 displays a very weak GEF activity toward Cdc42268,
Plekhgl has been shown to target Cdc42 in a cyclic stretch assay, but whether it exhibits
GEF activity toward Cdc42 has not been shown?>’. Moreover, whether ArhGEF40 or

ArhGEF12 display GEF activity toward Cdc42 has not been shown.

As expected, we did not recover Dock GEF interactions when we performed BiolD

on RhoAS®"A, We identified many known Dbl GEFs for RhoA. Those include Obscn, Trio,
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Ngef/Ephexin, ArhGEF5/Tim, ArhGEF12/Larg, ArhGEF11/Pdz-RhoGEF,
ArhGEF1/p115-RhoGEF/Lsc, ArhGEF2/Gef-hl, ArhGEF12/Larg, ArhGEF17/p164-
RhoGEF, ArhGEF18/p114-RhoGEF, Vav2, Akapl3/akap-lbc, Ect2/ArhGEF31264, 269-281
It has not been tested if Plekhg3, a GEF for Racl and Cdc42, exhibits GEF activity toward

RhoA or not.

Taken together, our BiolD data on Rho GTPase-GEF interactions successfully
recovered known GEFs with their target GTPases. In addition, we identified unknown Rho
GTPase-GEF interactions, that might play a major role in the activation of distinct Rho

GTPase-effector complexes.
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Fig. 19 | a, RhoA/Racl/Cdc42-GEF interactions in Flp-iIn T-REx HEK293 cells. b,
RhoA/Racl1/Cdc42-GEF interactions in Flp-In T-REx Hela cells. c, The average spectral
counts are shown in node color. The confidence score of the interaction (BFDR) is shown
as edge color (BFDR = 1% as high, 1% < BFDR < 5% as medium or 5% < BFDR as low
confidence). Circle size represents the relative abundance of prey over baits.
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We next investigated the Rho GTPase-GAP interactions (Fig. 20). Both
ArhGAP32/Grit has been known to act as a GAP for Racl, Cdc42 and RhoA?2%2,
Consistent with the literature, we identified ArhGAP32 interaction in active forms of Racl,
Cdc42 and RhoA in HEK293 cells. We recovered ArhGAP39/CrGAP/Vilse in Cdc4261Y
but also in Rac1¢%?V. ArhGAP39 functions as a GAP for Cdc42, but whether itshows GAP
activity toward Racl has not been shown?®3. We identified a highly enriched interaction
between the RhoA GAP ArhGAP1/p50-RhoGAP and RhoAG4Y in both HEK293 and HelLa
cells. A previous report has identified Ophnl as a GAP for Racl, Cdc42 and RhoA284,
Here, we recovered Ophnl interaction only in Cdc42%12Y and not in Rac1%2V or RhoAG4Y
in both HEK293 and Hela cells. It is possible that Ophnl might favor Cdc42 inactivation
in those cells rather than Racl or RhoA. ArhGAP17/Rich-1 is known to be a RhoGAP for
both Cdc42 and Racl, but not for RhoA%85, We successfully identified the ArhGAP17
interaction in Cdc426%?V in both HEK293 and Hela cells and less slightly in Rac1?V in
HEK293 cells. However, we did not recover AthGAP17 in RhoA®4V in both HEK293 and
HeLa, which is consistent with the literature. ArhGAP42/Graf3 has been shown to inhibit
RhoA activity in vascular smooth muscle cells to maintain proper blood pressure
homoestasis?8®. Interestingly, we did not identify an interaction between ArhGAP42 and
RhoA in HEK293 or HeLa cells, while we recovered ArhGAP42 in Rac1®'?V in both cell
lines. ArhGAP42 is specifically expressed in smooth muscle cells in humans and mice 286,
It is not tested whether ArhGAP42 exhibits GAP activity toward Racl. It is therefore

possible that ArhGAP42 activity is regulated differently in both HEK293 or HeLa cells by
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engaging specific inactivation of Racl.

Collectively, our results recovered many known Rho GTPase-GEF/GAP interactions
as well as novel interactions in HEK293 or HelLa cells. Most GEFs such as Prex-1, Prex-
2, ArhGEF2/Gef-hl, Dockl act as tumor promoters while many GAPs such as
ArhGAP7/DIc1 function, like as tumor suppressortl: 287-292 However, some GAPs such as
CdGAP can function to downregulate cancer metastasis?®3. Here, we identified novel Rho
GTPase-GEF/GAP interactions that can be further validated and their roles on various

biological processes can be investigated.
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3.4. Identification of SLK as a novel RhoA effector

We first mined the BiolD datasets to uncover novel candidate effector(s) of the
classical RhoA GTPase which revealed the serine/theronine kinase SLK. SLK is a
member of the SLK subfamily which also includes Serine/threonine kinase 10 (STK10,
also known as LOK). The SLK subfamily belongs to the STE20 family of kinases which is
part of the STE (homologs of yeast Sterile 7, Sterile 11, Sterile 20 kinases) group of
serine/threonine protein kinases2°* 2%, It has been shown that SLK regulates a variety of
processes such as apoptosis, cell cycle progression, cell adhesion and migration2®4.
Studies have shown that SLK phosphorylate Ezrin/Radixin/Moesin (ERM) proteins, which
are membrane-actin cytoskeleton linkers, to regulate spindle orientation, microvilli
formation or epithelial integrity during tissue growth and other processes?%6-2%, I is

unknown whether SLK functions downstream of RhoA as an effector.

We first performed a dotplot analysis to visualize the SLK interaction in our BiolD
screen. Dotplot gives quantitative information about different parameters such as spectral
counts, abundance of preys over baits or confidence scores3®. The dotplot analysis
showed that SLK significantly interacts, with high spectral counts, with only active forms
of RhoA, RhoB and RhoC, but fails to interact with the wild-type form of RhoA (RhoAWT)
or other members of the Rho GTPase family (Fig. 21a). We also identified SLK-
RhoA/RhoB/RhoC interaction in HeLa cells (data not shown), suggesting that SLK

interaction with members of the RhoA subfamily is not specific to a single cell type. To
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validate SLK-RhoAG%V interaction, we performed GST-pulldown assays. In cells
coexpressing Flag-SLK or the kinase-dead mutant of SLK (Flag-SLKKE3R) with either
GST-RhoA®G#V, GST-Racl1®?V or GST-Cdc42¢12V, both Flag-SLK or Flag-SLKKEsR
interacted with only GST-RhoA®4V (Fig. 21b), confirming the specificity of SLK for RhoA.
In addition, we found that Flag-SLK binds to GST-RhoA®4V and not to GST-RhoAWT,
validating our BiolD screen (Fig. 21c). Taken together, these data suggest that SLK is a

candidate novel RhoA effector.
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Fig. 21| a, Dotplot showing BiolD interactions between SLK and Rho GTPases in Flp-In
T-REx HEK293 cells. The average spectral counts are shown in node color. The
confidence score of the interaction (BFDR) is shown as edge color (BFDR < 1% as high,
1% < BFDR < 5% as medium or 5% < BFDR as low confidence). Circle size represents
the relative abundance of prey over baits. b, Validation of SLK-RhoA®4V interaction by
GST pulldown. Flp-In T-REx HelLa cells expressing Flag-SLK or Flag-SLKKE3R in a
tetracycline-inducible manner were transfected with either GST, GST-RhoA®14V, GST-
Racl1®?V or GST-Cdc42¢12V. Lysates were incubated with glutathione sepharose beads.
The precipitated proteins and expression levels were detected by immunoblotting with
anti-Flag and anti-GST antibodies. ¢, SLK interacts with active RhoA but not with wild-
type (WT) RhoA. Flp-In T-REx HelLa cells expressing Flag-SLK in a tetracycline-inducible
manner were transfected with either GST, GST-RhoAWT, GST-RhoAG4V, Lysates were
incubated with glutathione sepharose beads. The precipitated proteins and expression
levels were detected by immunoblotting with anti-Flag and anti-GST antibodies.

3.5. SLKregulates ERM phosphorylation downstream of active

RhoA

A previous 1999 study showed that active RhoA promotes ERM proteins
phosphorylation through PI4P5K/ PIP2 activation and other signaling pathways3. While
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it is now established that ERM open conformation is stabilized via threonine
phosphorylation (on residue T567), the identity of the kinase(s) promoting this
phosphorylation downsteam of RhoA is a longstanding question30l 302, S| K family of
kinases have been demonstrated to phosphorylate ERM for the regulation of cell shape
and motility, microvilli formation, epithelial tissue integrity, cortical contractility and
microtubule organization, spindle orientation or morphogenesis during mitosis296-298, 303-
305 We here raised the question whether SLK is the missing kinase that regulates ERM

phosphorylation downstream of active RhoA.

Consistent with previous reports, we found that active RhoA phosphorylates ERM30L.
306, Our immunoblot data showed that expression of Flag-RhoAG4V, but not Flag-RhoAWT,
induces endogenous ERMs phosphorylation in Flp-In T-REx HelLa cells (Fig. 22a).
Immunofluorescence staining supported this observation (Figs. 22b and 22c).
Furthermore, endogenous SLK showed higher colocalization with Flag-RhoAG14V than
Flag-RhoAWT as shown by immunofluorescence staining (Figs. 22d and 22e). Taken
together, these results demonstrate that active RhoA promotes the phosphorylation of

ERM proteins.
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(magenta) and analyzed with fluorescence microscopy (DM6, Leica). Representative IF
images were shown (scale bar: 4 um). c, Quantification of ERM phosphorylation. Data
were shown as mean £S.E.M. The indicated P-values are calculated by one-way ANOVA,
followed by a Bonferroni test; ***P < 0.001. d, Empty Vector, Flag-RhoAWT or Flag-
RhoA®14V constructs from Flp-In T-REx HelLa cells are expressed upon tetracycline
induction, fixed and stained for DAPI (blue), Phalloidin (grayscale), Flag (green),
endogenous SLK (magenta) and analyzed with fluorescence microscopy (DM6, Leica)
Zeiss). Representative IF images were shown (scale bar: 4 um). e, Quantification of
endogenous SLK colocalization with Flag-RhoAWT or Flag-RhoA®14V. Data were shown
as mean £S.E.M. The indicated P-values are calculated by one-way ANOVA, followed by
a Bonferroni test; ***P < 0.001.
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The missing kinase downstream of RhoA which is responsible for ERM
phosphorylation remained undetermined. Here, we asked whether SLK is the missing
kinase which phosphorylates ERM downstream of the RhoA signaling. First, we showed
by immunoblotting that Flag-SLK, and not Flag-SLKK63R phosphorylates ERM (Fig. 23a).
Lysates from cells expressing Flag-RhoA®4V were treated with siCTRL or siSLK and the
phosphorylation levels of ERM were evaluated. siRNA-mediated knockdown of SLK
dramatically reduced ERM phosphorylation in Flag-RhoAG4V expressed cells (Fig. 23b).
Identical results were observed by immunofluorescence staining which showed a
significant decrease in the phosphorylation levels of ERM in cells treated with siRNA to
knockdown SLK expression (Figs. 23c and 23d). These results define SLK as an

essential kinase in RhoA-induced ERM proteins phosphorylation.
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Fig. 23 | SLK is as essential kinase in RhoA-induced ERM proteins phosphorylation. a,
SLK, but not SLKX&3R phosphorylates ERM. Lysates from Flp-In T-REx HelLa cells
expressing Empty Vector, Flag-SLK or Flag-SLKKX&3R were subjected to immunoblotting.
The phosphorylation and expression levels were analyzed with anti-p-ERM, anti-ERM
and anti-Flag antibodies. b, Active RhoA induces the phosphorylation of ERMs via SLK.
Lysates from Flp-In T-REx HelLa cells expressing Flag-RhoA®4V in a tetracycline-
inducible manner were transfected with Scrambled (siCTRL) or ON-target SmartPool SLK
siRNA (siSLK) prior to tetracycline induction. The phosphorylation and expression levels
were analyzed via immunoblotting with anti-p-ERM, anti-ERM, anti-SLK and anti-Flag
antibodies. ¢, Flp-In T-REx HelLa expressing Flag-RhoA®4V in a tetracycline-inducable
manner are untreated or treated with tetracycline and co-transfected with either siCTRL
or siSLK prior to tetracycline induction. Cells are fixed, stained for DAPI (blue), Phalloidin
(grayscale), Flag (green) and p-ERM (magenta) and analyzed with fluorescence
microscopy (DM6, Leica). Representative IF images were shown (scale bar: 4 um). d,
Quantification of p-ERM levels. Data were shown as mean +S.E.M. The indicated P-
values are calculated by one-way ANOVA, followed by a Bonferroni test; ***P < 0.001.
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We next hypothesized that active RhoA may bind to SLK to promote its kinase
activity. To test this possibility, we carried out an in vitro kinase assay. Lysates of HelLa
cells coexpressing Flag-SLK with either Empty Vector, Myc-RhoAWT or Myc-RhoAG4Y
were immunoprecipitated and incubated with recombinant GST-Ezrin*79-585  which
includes the C-terminal region of Ezrin with the T567 phosphorylation site that is targeted
by SLK. We found that the active form of RhoA, but not the wild-type RhoA, significantly
enhanced SLK-mediated Ezrin phosphorylation in vitro (Fig. 24). These data reveal active

RhoA coupling to SLK stimulates SLK kinase activity.
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Fig. 24 | Active RhoA enhances SLK kinase activity. Lysates of HelLa cells were
cotransfected with Flag-SLK with either Empty Vector, Myc-RhoAWT or Myc-RhoAG4Y
were subjected to immunoprecipitation using anti-Flag beads. The immunoprecipitated
Flag-SLK proteins were then subjected to an in vitro kinase assay with GST-Ezrin*79-585,
The phosphorylation and expression levels were analyzed by immunoblotting with anti-p-
ERM, anti-Flag, anti-Myc and anti-Tubulin antibodies. p-GST-Ezrin®79-585 levels were
guantified. Data were shown as mean £S.E.M. The indicated P-values are calculated by
one-way ANOVA, followed by a Bonferroni test; **P < 0.001.
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Studies established that autophosphorylation sites on SLK, such as T183, are
essential for SLK kinase activity and activation?%4. A previous report showed that the SLK
T183A mutant exhibited a 60% decrease in kinase activity compared to wild-type3%’. We
therefore asked whether active RhoA is involved in SLK autophosphorylation and
subsequent activation. In cells expressing Empty Vector, Flag-RhoAWT or Flag-RhoAG4V,
expression of Flag-RhoAG4V significantly increased SLK autophosphorylation levels on
T183 compared to cells which express Flag-RhoAWT (Figs. 25a and 25b). Taken
together, these findings suggest that SLK binds to active RhoA, increasing SLK

autophosphorylation on T183 and activation, which is crucial for subsequent ERM
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Fig. 25 | Active RhoA increases SLK autophosphorylation on T183. a, Lysates of Flp-
In T-REx HelLa cells from the same representative experiment used for Fig. 1¢c were
assessed for phosphorylation and expression levels using anti-p-SLK, anti-SLK, anti-Flag
or anti-Calnexin antibodies. b, Quantification of pSLK levels. Data were shown as mean
+S.E.M. The indicated P-values are calculated by one-way ANOVA, followed by a
Bonferroni test; ***P < 0.001.
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To understand the molecular basis of RhoA-mediated SLK activation, we next aimed
to map the SLK domain which binds active RhoA. We performed GST-pulldown assays
where we expressed the N-terminal kinase (Flag-SLK1-338) coiled-coil (Flag-SLK339-788)
or the C-terminal ATH domain (Flag-SLK78%-1205) jn Flp-In T-REx HelLa cells and incubated
with GST or GST-RhoA®14V. The full-length SLK (Flag-SLK) or Flag-SLK78°-1205 interacted
with GST-RhoACMV  whereas Flag-SLK1338 or Flag-SLK33%788 failed to bind GST-
RhoAC14V (Fig. 26). This result shows that the ATH domain of SLK is responsible for

binding to active RhoA.
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Fig. 26 | The ATH domain, but not the kinase or coiled-coil domains, of SLK mediates
active RhoA binding in vitro. Lysates from Flp-In T-REx HelLa cells expressing the kinase
(Flag-SLK?1-338) " coiled-coil (Flag-SLK33%788) or ATH domain (Flag-SLK789-1205) in g
tetracycline-inducible manner were incubated with GST or GST-RhoA®*V bound to
glutathione sepharose beads. The precipitated proteins and expression levels were
detected by immonublotting with anti-Flag and anti-Tubulin antibodies.
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To establish SLK as a bona fide effector of active RhoA, we aimed to construct a
SLK mutant unable to bind RhoA. We used truncated forms of full length SLK with deletion
in the ATH domain to further identify the minimal region responsible for binding to active
RhoA. We conducted GST-pulldown assays where we expressed the SLK ATH domain
(Flag-SLK78%-1205) "the full-length SLK lacking the last 105 C-terminal amino acids (Flag-
SLK?1-1100) the full-length SLK lacking the last 209 C-terminal amino acids (Flag-SLK?*-9%)
or the full-length SLK lacking the ATH domain (Flag-SLK!-788), In these experiments, only
Flag-SLK78%-1205 hound GST-RhoACGMV suggesting that the last 105 amino acids at the C-
terminal of SLK are required for binding to active RhoA (Fig. 27a). We next tested whether
this region is essential for RhoA-induced increased in SLK activity. Lysates of HelLa cells
coexpressing Flag-SLK or Flag-SLK1-1100jth either Empty Vector or Myc-RhoAG4Y were
immunoprecipitated and incubated with recombinant GST-Ezrint7®-585  Active RhoA
significantly enhanced the kinase activity of full-length SLK, whereas it failed to increase
the activity of Flag-SLK-1190 (Fig. 27b). Collectively, these results showed that the last
105 amino acids of the ATH domain in SLK act as a module to integrate the signal from

active RhoA to promote kinase activity of SLK.
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Fig. 27 | Amino acids at the C-terminal part of the SLK ATH domain integrates the signal
from active RhoA to promote SLK kinase activity. a, The residues at the C-terminal end
of SLK are required for active RhoA binding in vitro. Lysates from Flp-In T-REx HelLa cells
expressing Flag-SLK789-1205  Flag-SLK1-1100  Flag-SLK19% or Flag-SLK-78 in a
tetracycline-inducable manner were incubated with GST or GST-RhoA®*V bound to
Glutathione Resin beads. The precipitated proteins and expression levels were detected
by immonublotting with anti-Flag and anti-Tubulin antibodies. b, The residues at the C-
terminal end of SLK are necessary to mediated SLK-dependent Ezrin phosphorylation
downstream of active RhoA in vitro. Lysates of HeLa cells were cotransfected with Flag-
SLK or Flag-SLK-1100 with either Empty Vector or Myc-RhoA®14V were subjected to
Immunoprecipitation using anti-Flag beads. The immunoprecipitated Flag-SLK or Flag-
SLK?-1100 proteins were then subjected to an in vitro kinase assay with GST-Ezrin?79-585,
The phosphorylation and expression levels were analyzed by immunoblotting with anti-p-
ERM, anti-Flag, anti-Myc and anti-Tubulin antibodies. p-GST-Ezrin®79-585 levels were
guantified. Data were shown as mean £S.E.M. The indicated P-values are calculated by
one-way ANOVA, followed by a Bonferroni test; **P < 0.001.
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3.6. KIAAO0355, an uncharacterized Racl effector,is involvedin

cell migration

In search for novel Rac effectors, we looked at the prey interactions that were
specifically recovered in active forms of the Rac subfamily members. We identified a
specific interaction between the uncharacterized KIAA0355 protein and Rac subfamily of
Rho GTPases in their active forms (Fig. 28a) in our BiolD screens. We confirmed this
data by showing that Myc-KIAA0355 can co-immunoprecipitate with Flag-Rac1¢12V, but
not with Flag-Rac1WT (Fig. 28b). Similarly, endogenous KIAA0355 immunoprecipitated
with Flag-Rac1®'?V, but not with Flag-Rac1VT, and this has been lost upon siRNA-
mediated knockdown of KIAA0355 (siKIAA0355) or in KIAA-depleted cells generated by
CRISPR/Cas9 (Fig. 28c). These results demonstrate that KIAA0355 is a novel binding

partner of activated Racl therefore a potential effector molecule.
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Fig. 28 | KIAA0355 is a novel binding partner of active Racl. a, Dotplot showing BiolD
interactions between KIAA0355 and Rho GTPases in Flp-In T-REx HEK293 cells. The
average spectral counts are shown in node color. The confidence score of the interaction
(BFDR) is shown as edge color (BFDR < 1% as high, 1% < BFDR < 5% as medium or
5% < BFDR as low confidence). Circle size represents the relative abundance of prey
over baits. b, Validation of KIAA0355-Rac1CV interaction by immunoprecitation analysis.
Flp-In T-REx HEK293 cells expressing Flag-Rac1WVT" or Flag-Rac1%'2V in a tetracycline-
inducible manner were transfected with either Empty Vector or Myc-KIAA0355. Lysates
were subjected to immunoprecipitation using anti-Flag beads. The precipitated proteins
and expression levels were detected by immunoblotting with anti-Myc and anti-Flag
antibodies. ¢, HelLa cells were cotransfected with Empty Vector, Flag-Rac1WV" or Flag-
Rac1¢12V with either siCTRL or siKIAA0355 and KIAA0355 Hela cells generated by
CRISPR/Cas9 were transfected with Flag-Rac1®?V. Lysates were subjected to
immunoprecipitation using anti-Flag beads. The precipitated proteins and expression
levels were detected by immunoblotting with anti-KIAA0355, anti-Flag or anti-Tubulin
antibodies.
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We next aimed to characterize the subcellular localization and dynamics of
KIAA0355 as a potential Racl effector. Flag-KIAAQ355 expression alone was associated
with fine cytoplasmic speckles in Flp-In T-REx Hela cells and this was not affected by
the coexpression of mOrange-Rac1WVT (Fig. 29a). However, in cells that coexpress both
mOrange-Rac1¢1?V and Flag-KIAA0355, we found that Flag-KIAA0355 was no longer
associated with cytoplasmic speckles and colocalized with mOrange-Rac1%1?V-induced
membranes ruffles on the plasma membrane (Figs. 29a and 29b). To test whether
KIAA0355 is essential for Racl-induced membrane ruffling, we transfected Flp-In T-REX
Hela cells expressing Flag-Rac1¢?V, in a tetracycline-inducible manner, with siCTRL or
siKIAA0355 and evaluated the membrane ruffling. Non-transfected (NT) Flag-Rac1612V
or Flag-Rac1G?V-expressing Flp-In T-REx HeLa cells transfected with siCTRL exhibited
higher levels of membrane ruffles compared to cells that express Flag-Rac1VT only (Figs.
29c and 29d). However, siRNA-mediated knockdown of endogenous KIAA0355 resulted
in a dramatic loss of membrane ruffling in Flag-Rac1G2V-expressing cells, diminishing it
to near Flag-Rac1WT-expressed cells. Taken together, these data suggest that KIAA0355
acts as an essential Racl effector and is spatiotemporally recruited to the plasma

membrane by active Racl during membrane ruffling.

113



Hoechst

mOrange

Phalloidin nOranie Merie Zoom

mOrange-Rac1"T

mOrange-Rac1¢'?V

Flag-KIAAQ0355
+mOrange

Flag-KIAA0355
+mOrange-Rac1"T

Flag-KIAA0355
+mOrange-Rac1¢?V

100 1
*E¥
< 8 80 1
S E
£ 2
_5§60
= S
N O
7 § 40 1
S & —
o
S § 20
0 T T
=
= &
[Tel n L wn 9
g BE 85
@ () (O]
2 2 32
S8 =8 £ S
&> O > O o> O
< £ S E © E
. + . + b +

114



[ Hoechst Flag Phalloidin Merge Zoom

Empty Vector

Flag-Rac1WT

Flag-Rac1¢'2v
NT

Flag-Rac1¢'2v
+ siCTRL

Flag-Rac1¢2v
+ siKIAA0355

Flag-KIAA0355

Flag-KIAAQ3554240-480

w
100 i:g; % 60 ™
1
= 80 £ .
5 g3 %
5 60 SE 40
2 c 8 [
_ 1]
o 40 o &
< $820{
)
xr 20 . ‘?8 —:!'F—
0 g3
£ E 7 9 << 0
b = [e] %S B;a“
o] () 2 o a8
g 2 3 & 4
> = N S
= & &
Flag-Rac1&2Y Q\’bo‘; B
ag-Rac Q\@q

115



Fig. 29 | KIAAO355, an essential Racl effector, is involved in membrane ruffing. a,
KIAA0355 is an essential effector of Racl for membrane ruffling. Flp-In T-REx HelLa cells
expressing Flag-KIAA0355 in a tetracycline-inducable manner were transfected with
mOrange, mOrange-Rac1VT or mOrange-Rac1¢12V, Cells were fixed, stained for Hoechst
(blue), Phalloidin (grayscale), Flag (green). Unstained mOrange-tagged constructs were
shown in magenta. Representatives immunofluorescence (IF) images were shown (scale
bar: 10 um). b, Quantification of Flag-KIAA0355 colocalization with mOrange, mOrange -
Rac1"T or mOrange-Rac1%'?V on cell membrane. Data were shown as mean +S.D. The
indicated P-values are calculated by one-way ANOVA, followed by a Bonferroni test; ***P
<0.001. c, Flp-In T-REx HelLa cells expressing Flag-Rac1¢?V in a tetracycline-inducable
manner were non-transfected (NT) or transfected with siCTRL or ON-target SmartPool
KIAA0355 siRNA (siKIAAO355) prior to tetracycline induction. Empty Vector and Flag-
Rac1WT were used as controls. Flp-In T-REx HelLa cells expressing Flag-KIAA0355 or
Flag-KIAA0355 that lacks the Racl-binding domain (Flag-KIAAQ3554240-480) were
subjected to immunofluorescence analysis. Cells were fixed, stained for Hoechst (blue),
Flag (green) or Phalloidin (magenta). Representative IF images were shown (scale bar:
10 um). d, Quantification of membrane ruffing. Data were shown mean +S.D. The
indicated P-values are calculated by one-way ANOVA, followed by a Bonferroni test; ***P
< 0.001. e, Quantification of KIAA0355-specific speckles. Data were shown as mean
+S.E.M. The indicated P-values are calculated by using a two-tailed Student’s t-test; ***P
<0.001.

We next aimed to define if KIAAO355 is involved in cell migration. Expression of
Flag-KIAA0355 significantly increased cell migration compared to empty vector (EV)
control as shown in Boyden migration assay (Fig. 30a). Identical results were obtained
by cell tracking assay (Fig. 30b). Collectively, these results demonstrate that KIAA0355

promotes cell migration.
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Fig. 30 | KIAAO355 expression enhances cell migration. a, Flp-In T-REx Hela cells,
incubated in the absence or presence of serum, expressing Empty Vector or Flag-
KIAA0355 (KIAA0355) in a tetracycline-inducible manner, were incubated in the upper
side of a Boyden chamber. Cells were allowed to migrate through the Boyden chamber
for 6 h. The migration assay was carried out in triplicate. Data were shown as mean £S.D.
The indicated P-values are calculated by one-way ANOVA, followed by a Bonferroni test;
***p < 0.001. b, Cell tracking and quantification of migration speed. Flp-In T-REx HelLa
cells expressing Empty Vector or Flag-KIAA0355 (KIAA0355) in a tetracycline-inducible
manner were plated in 6-well plates. Nuclei were stained using NucRed reagent. Cells
were then subjected to time-lapse microscopy analysis for tracking assay. Data were
shown as mean +S.E.M. The indicated P-values are calculated by using a two-tailed

Student’s t-test; ***P < 0.001.
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To understand how KIAA0355 functions and integrates Racl-GTP signal as an
effector, we generated truncated forms of KIAA0355 and performed GST-pulldown
assays (data not shown). We found that the deletion of amino acids from 240 to 480 of
KIAA0355, Flag-KIAA03554240-480 |ed to complete abrogation of active Racl interaction
(Figs. 31aand 31b). In Boyden migration assay, Flag-KIAA0355-expressed cells showed
higher cell migration levels compared to those which expressed EV or Flag-KIAA03554240-
480 (Fig. 31c). KIAA0355-depleted cells had similar migration levels to those of EV or
KIAA03554240-480 syggesting that loss of endogenous KIAA0355 is not sufficient for loss-
of-function in cell migration. Interestingly, in vitro cell tracking experiments showed that
the expression of Flag-KIAA03554240-480 exhibited cell migration levels which were not
significantly different than that of Flag-KIAA0355 (Fig. 31d), however it failed to reduce
migration levels near that of EV-expressed cells. Collectively, our results suggest that

KIAAO0355 is a novel Racl effector and integrates the Racl signaling pathway for

membrane ruffling and migration.
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Fig. 31 | KIAAO355, a novel Racl effector, integrates the Racl signaling pathway for
cell migration. a, Lysates of Flp-In T-REx HeLa cells showing expression of the indicated
constructs. b, The amino acid residues between positions 240 and 480 of KIAA0O355 are
necessary for active Racl binding. Lysates from Flp-In T-REx HelLa cells expressing
Flag-KIAA0355 or Flag-KIAA035524240-480 jn a tetracycline-inducable manner were
incubated GST or GST-Rac1%2V pound to Glutathione Resin beads. The precipitated
proteins and expression levels were detected by immonublotting with anti-Flag and anti-
Tubulin antibodies. antibodies. ¢, KIAA0355 expression increases cell migration. The
lower side of Boyden chambers is pre-coated with fibronectin. Serum-starved Flp-In T-
REx HelLa cells expressing Empty Vector, Flag-KIAA0355 (KIAA0355), Flag-
KIAA03554240-480 (K|AA03554240-480) in g tetracycline-inducible manner or serum-starved
KIAA0355 Flp-In T-REx Hela cell lines generated via CRISPR/Cas9 were incubated in
the upper side of a Boyden chamber. Cells were allowed to migrate through the Boyden
chamber for 16 h. The migration assay was carried out in triplicate. Data were shown as
mean £S.D. The indicated P-values are calculated by one-way ANOVA, followed by a
Bonferroni test; ***P < 0.001. d, Cell tracking and quantification of migration speed. Flp-
In T-REx HelLa cells expressing Empty Vector, Flag-KIAA0355 (KIAA0355), Flag-
KIAA03554240-480 (KJAAQ3554240-480) in g tetracycline-inducible manner or KIAA0355 Flp-
In T-REx HelLa cell lines generated by CRISPR/Cas9 were plated in 12-well plates. Nuclei
were stained using NucRed reagent. Cells were then subjected to time-lapse microscopy
analysis for tracking assay. Data were shown as mean +S.E.M.

3.7. A functional siRNA screen of RhoG interacting proteins

defines essential interactors for membraneruffling

RhoG belongs to the Rac subfamily of Rho GTPases and its interactors and
signaling pathways are not as well revealed as other Rac proteins. To uncover novel
RhoG effectors or regulatory proteins that regulates membrane ruffling, we conducted a
functional siRNA screening of RhoG interactors that we identified in our BiolD screens
(Figs. 32a and 32b). To do this, we carried out a high throughput screen in Flp-In T-REX
HelLa cells, in which we expressed Flag-RhoG®1?V and treated with a set of SiRNAs

targeting 24 human genes encoding top RhoG interactors that we identified by BiolD with
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high spectral counts, abundance and confidence. We then proceeded for
immunofluorescence staining in 96-well plates and automated microscope-based high

content screening before quantifying the ruffle index in a semi-automated manner.
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Fig. 32 | a, Schematic illustration of the functional siRNA screening for RhoG. b,
Dotplot showing top BiolD interactors identified in RhoGWT and RhoG®12V in Flp-In T-REX

Hela cells. The average spectral counts are shown in node color. The confidence score
of the interaction (BFDR) is shown as edge color (BFDR < 1% as high, 1% <BFDR < 5%
as medium or 5% < BFDR as low confidence). Circle size represents the relative

abundance of prey over baits.
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As expected, we identified the well-known ELMO2 and DOCK1 interactions in GTP-
loaded BirA*-Flag-RhoG®'?V BiolD screen, and not in that of BirA*-Flag-RhoG"T, as
previously reported in the literature®®. By siRNA screening, we tested if some of these
candidates are essential for RhoG-mediated membrane ruffing. Among 24 candidates,
knockdown of 11 of them showed a significant decrease in Flag-RhoG®?V-induced
membrane ruffling, including ELMO2, DOCKS but also newly-identified BiolD candidates
such as DIAPH1,DIAPH3, KIAA0355, PLEKHG3 and others (Figs. 33aand 33d). SiRNA-
mediated knockdown of KIAA0355 resulted in lower membrane ruffling in Flag-RhoGG12v
expressed cells than that of the controls (siCTRL or Untransfected), showing that
KIAAO0355 is recruited, not only by Racl, but also by other members of the Racl
subfamily, such as RhoG, during membrane ruffling. A previous report showed that
PLEKHG3 enhances cell polarity and migration by activating Racl and Cdc422%°, Here,
we found that siRNA-mediated knockdown of PLEKHGS significantly showed lower
membrane ruffling levels (Figs. 33a and 33b). We also confirmed the PLEKHG3-
RhoGC1?V interaction by GST-pulldown (Fig. 33c), suggesting that PLEKHG3 possibly
acts as a RhoG-effector to activate Racl and is involved in RhoG-dependent membrane

ruffling.
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Fig. 33 | A functional siRNA screening for RhoG reveals potential effectors that are
essential for membrane ruffling. a, Quantification of membrane ruffling. Flp-In T-REXx
HelLa cells expressing Flag-RhoG®'?V in a tetracycline-inducible manner were transfected
with a set of ON-target SmartPool sSiRNAs against the indicated genes prior to tetracycline
induction and were subjected to immunofluorescence. Data were shown mean =S.D. The
indicated P-values are calculated by one-way ANOVA, followed by a Bonferroni test; *P
<0.05, P £ 0.01 and ***P < 0.001. Flp-In T-REx HelLa cells expressing Empty Vector,
Flag-RhoGWT, untransfected Flag-RhoG®2V or Flag-RhoG®12V transfected with siCTRL
were used as controls. b, Representative IF images showing Flp-In T-REx Hela cells
expressing Flag-RhoGC®!?V transfected with either siCTRL or siPLEKHGS3 (scale bar: 10
um). ¢, Validation of PLEKHG3-RhoG®'2V interaction by GST pulldown. Flp-In T-REX
HelLa cells expressing Flag-PLEKHG3 in a tetracycline-inducible manner were
transfected with either GST, GST-RhoGWT, GST-RhoG®'?V, Lysates were incubated with
Glutathione Resin beads. The precipitated proteins and expression levels were detected
by immunoblotting with an anti-Flag antibody. d, Representative IF images of Flp-In T-
REx HelLa cells expressing Flag-RhoG®?V in a tetracycline-inducible manner and
transfected with with a set of ON-target SmartPool siRNAs against the indicated genes
prior to tetracycline induction. Cells were fixed, stained for Hoechst (blue), Flag (green),
Phalloidin (magenta) and analyzed with high-content fluorescence microscopy (scale bar:
10 pm).
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CHAPTER4: GENERAL DISCUSSIONAND CONCLUSIONS
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4.1. BiolD-Proteomics reveals well-known, but also many novel

Rho GTPaseeffectors

By employing the power of BiolD as an approach to gain insight into the Rho
GTPase signaling dynamics, our study was the first to uncover the global interactome of
Rho GTPases revealing novel effectors and Rho GTPase-GEF/GAP interactions. By
using a dataset of 56 baits in both HEK293 and HelLa cell lines, we generated a network
of proteins with >5000 interactions in HEK293 and >9000 interactions in HelLa cell lines.
About 92% of interactions identified in HEK293 were also recovered in HeLa cells. Those
include the well-known effector complexes such as WAVE, GIT/PIX/PAK, WASP but also
novel candidate effectors that we characterized in this study such as SLK and KIAA0355.
GO term analysis of preys identified known biological processes such as regulation of
GTPase signal transduction pathways, but also unknown processes such as mRNA

decay.

Our BiolD screens provided a detailed PPI interface for RhoA, Racl and Cdc42 as
well as atypical Rho GTPases. Little is known about the signaling pathways of atypical
Rho GTPases. Further decipherment of effector signaling networks of the atypical Rho
GTPases by functional assays might provide a better understanding of their physiological

impact.
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Domains are functional units of proteins that mediate PPIs. Which effector domains
are specifically involved downstream of each Rho GTPase signal remains to be

investigated. Uncovering domain-domain interaction (DDI) profiles of Rho GTPase-

effector couples will provide key evidence for their interaction mechanisms.

4.2. Rho/GEF-GAPinteractions and specificity revealed by BiolD

A longstanding question in the field is how GEFs and GAPs achieve specific
engagement of Rho GTPase-effector signaling couples. Why a single GEF or GAP can
regulate many Rho GTPases is not well understood. Moreover, GEF-Rho and GAP-Rho

interactions have not been fully mapped.

42.1. Rho-GEF interactions

Here, we attempted to answer these major questions by BiolD-proteomics. We used
the nucleotide-free forms of three major Rho GTPases (RhoA, Racl and Cdc42) as well
as that of RhoG to uncover GEF-Rho interactions. In humans, there are about 70 Dbl Rho
GEFs and 11 Dock GEFs. We identified 9 Dock GEF-Rho interactions in HEK293 cells
except Dock2, Dock3 and Dock10, which corresponds to 73% of the Dock GEF family. In
Hela cells, we mapped 7 Dock GEF-Rho interactions except Dock2, Dock3, Dock4 and

Dock8, which is about 64% of the Dock proteins. Dock GEFs are known to show
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specificity toward Racl and Cdc42, but not RhoA. Consistent with the literature, we
revealed the known Dock-A/B/C interactions for Racl and Dock-C/D for Cdc42. In
addition, we recovered less enriched Dock-C (Dock9, Dock10 and Dockl11) interactions
with Rac. This might be due to the fact BiolD is a very powerful method and detects very
sensitive, low affinity interactions that cannot be shown by other methods such as GST
pulldown assays. Furthermore, we mapped 29 Dbl GEF-Rho interactions in HEK293 and
30 Dbl GEF-Rho interactions in HeLa cells. Since some of these Dock or Dbl GEFs are
cell-specific expression, it is possible that performing BiolD in other cell lines can allow
identification of Rho-GEF interactions that have not been recovered in HEK293 or HelLa

cells.

We generated Internal Ribosome Entry Site (IRES)-containing bicistronic vectors
enabling the simultaneous coexpression of BirA*-Flag-Rac1WT and Myc-tagged Racl
GEFs such as ArhGEF7, Dockl, Vav2, Sosl and Prexl. We reasoned that Racl GEFs
can activate BirA*-Flag-Rac"T in its natural physical environment and achieve specific
recruitment of Racl-effector complexes that might be mapped by BiolD. We performed
BiolD screens and identified specific Racl-effector complexes that are recruited
downstream of different Racl GEFs (data not shown). Further investigation of these
studies might help for better understanding of the GEF specificity toward Rho GTPase-

effector signaling pathways.

Our study successfully revealed known Rho-GEF interactions but also unknown
interactions. We also showed by BiolD-proteomics the specificity of Dock GEFs toward
Racl and Cdc42. Our screens provide an unprecedented resource for the specificity of

Dock and Dbl RhoGEF for their target Rho GTPases. Characterization of these
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interactions can help to understand the molecular basis of recruitment of Rho GTPase-

effector signaling pathways by GEFs.

422, Rho-GAP interactions

In humans, there are about 80 Rho GAPs. Here, we identified 20 Rho-GAP in
HEK?293 and 15 Rho-GAP in HeLa cells. Similar to GEFs, it is possible that we did not
recover some Rho-GAP interactions due to cell-specific expression of Rho GAPs. We
identified known Rho-GAP interactions such as ArhGAP1-RhoA, ArhGAP32-Racl and
ArhGAP39-Cdc42 as well as many unknown interactions that have not been previously
identified. Rho GAPs are much less studied and characterized compared to Rho GEFs.
Validation of these Rho-GAP interactions and their characterization can allow to
understand how Rho GAPs achieve inactivation of specific Rho GTPase-effector

signaling pathways.

4.3. SLK, a novel RhoA effector, is involved in RhoA-mediated

ERM phosphorylation

ERM proteins are membrane-actin linkers and are implicated in the reorganization
of actin filaments, cell migration and adhesion, membrane dynamics3%. ERM proteins

phosphorylation and activation have been shown to be downstream of RhoA3%L, It has
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been shown that the SLK kinase is involved in the phosphorylation of ERM proteins.

Here, we established SLK as a potential RhoA effector which is essential for RhoA-
mediated ERM phosphorylation. Our BiolD screens revealed the SLK specificity for RhoA,
but not for Racl and Cdc42, which we also confirmed by GST pulldown. It has been
suggested that SLK can be found in closed or open conformation?®4. Autophosphorylation
sites on SLK, such as T183, have been shown to be important for kinase activity and
activation. Moreover, opening of SLK is thought to be essential for substrate
phosphorylation such as ERM proteins2%4, We found that active RhoA significantly
increases SLK autophosphorylation on T183. Interestingly, another report showed that
SLK phosphorylates RhoA on Serl88, promoting RhoA-mediated vasodilation induced
by AT2R activation in vascular smooth muscle cells3?°. These data suggest that RhoA
recruits SLK and increases autophosphorylation levels of SLK, promoting its kinase
activity, which might trigger SLK-induced phosphorylation of RhoA, generating a positive
feed back between two proteins to increase subsequent ERM phosphorylation. It is
possible that RhoA mediated SLK-dependent phosphorylation of substrates other than

ERM proteins.

In parallel with BiolD screens on Rho GTPases, we conducted BiolD mapping on
SLK and SLKK63R and identified potential SLK interactors (data not shown). Whether

some of these interactors act as substrates for SLK remains to be elucidated.
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4.4. KIAAO0355, a novel Racl effector, is involved in membrane

ruffling and migration

Our BiolD screens on Rho GTPases identified many interactions. We identified a
couple of Rho-uncharacterized protein interactions. In search for novel Rac effectors, we
recovered a highly-specific KIAA0355-Rac interaction. KIAA0355 showed specific
interaction with all members of the Racl subfamily in both HEK293 and HeLa cells,
suggesting the possibility of KIAA0355 involvement in Rac signaling. We discovered that
KIAA0355 is necessary for Racl-induced membrane ruffles and overexpression of
KIAA0355 promotes cell migration. How KIAA0355 is recruited downstream of Racl and

promotes Racl-mediated formation of membrane ruffles remains to be uncovered. The

molecular basis of the Rac1-KIAA0355 signaling axis needs further investigation.

Furthermore, by using a mutant that lacks N-terminal amino acids of KIAA0355
(Flag-KIAAQ3554240-480) - we found that Flag-KIAA03554240-480 partially impairs cell
migration of individual assays and might not be the only region of KIAA0O355 which is
involved in cell migration. Interestingly, expression of Flag-KIAA03552240-480 resulted in
higher association with cytoplasmic speckles than that of Flag-KIAA0355 (Figs. 29c and
29e). In a previous study, we reported that KIAA0355 forms a complex with GW182 and
AGO2, which are involved in siRNA or microRNA (miRNA)-mediated posttranscriptional
gene expression regulation?%, Whether KIAA0355 is involved in AGO2-GW182-mediated

MRNA decay in a Racl-dependent manner remains to be explored.
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4.5. A functional siRNA screening of RhoG BiolD candidates

reveals potential interactorsthat are essential for membrane ruffling

Among the members of the Racl subfamily, the signaling networks and effectors of
RhoG is poorly characterized. We combined BiolD-proteomics with a functional siRNA
screen to explore new potential RhoG effectors that might be involved in membrane
ruffling. Unsurprisingly, we identified KIAA0355 among 11 candidates which showed a
significant decrease in RhoG-mediated membrane ruffing, which highlighted the
specificity of KIAAO355 for the Racl subfamily of proteins. We confirmed RhoG-
PLEKHGS interaction. Interestingly, it has been shown that PLEKHG3 functions as a GEF
for both Racl and Cdc42. It is known that RhoG recruits ELMO to promote
ELMO/DOCK1-mediated Racl activation®®. Whether RhoG recruits the Racl GEF

PLEKHG3 to promote Racl activation remains to be elucidated.

4.6. Conclusion

In this thesis, we employed a powerful proteomics method to uncover the Rho
GTPase interactome, including effectors and regulatory proteins. While we revealed
many known and novel Rho interactions, our screens provided insight into Rho-GEF/GAP
interactions. We characterized the SLK serine/threonine kinase and elucidated its role
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downstream of RhoA-regulated ERM proteins phosphorylation. In addition, we
discovered an uncharacterized protein, KIAA0355, as a potential Racl effector and
discovered a role of this protein in the formation of membrane ruffles and migration.
Moreover, we conducted a functional siRNA screening of RhoG BiolD candidates and
identified potential effectors that are involved in membrane ruffing downstream of this

less-characterized Rho GTPase.

Our work provides a unique, unprecedented resource for the Rho GTPase signaling
networks and will be a cornerstone for deciphering the Rho GTPase dynamics, effector

recruitment, GEF and GAP specificity.
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